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Abstract 

The Holm complex in France consists of two species, Holm lanatus L. (Yorkshire fog; 
2n = 2x = 14) and Holcus mollis L (Creeping soft-grass; 2n = 4w = 28) and an interspecific 
hybrid H,m. x H.1. (2n = 5x = 351, which is morphologically similar to Holcus mollis. A 
heterologous rDNA probe from wheat was used to detect the corresponding region in 
Holcus (s. 1.) genomic DNA-fragments, for six to eight plants from 13 populations located 
south-west of Paris. A restriction enzyme map of the ribosomal RNA genes (rDNA) in 
Holcus (s. 1.) was also constructed. The length polymorphism detected in the IGS region 
was used as a DNA fingerprint for the identification of different cytotypes and species 
of the Holm complex and for the typing and delimitation of individuals in populations. 
In the light of the results we reconsider the assumption that the pentaploid hybrid H.m. 
x H.Z. is purely clonal. New hypotheses concerning the origin of the pentaploid hybrid 
and its reproduction are proposed, and the consequences for genetic diversity in natural 
populations discussed. 
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Introduction 

The evolutionary diversification of many plant families 
has been greatly influenced by a combination of p l y -  
ploidy and hybridization (Stebbins 1950; Grant 1981). As 
a result, several families contain closely related groups of 
species and their hybrid derivatives. Often such groups 
include numerous and diverse forms which intergrade 
with one another in morphology and ecology, but not to 
the same degree as that found in normal polytopic spe- 
cies. Such assemblages are known as species complexes 
(Darwin, 1859; Vavilov 1951; Harlan 1975; Pernb 1984). 
In other families the groups are well differentiated. A 
major challenge in plant evolutionary biology is to exam- 
ine the precise relationships among such closely related 
species in order to determine the processes generating the 
contemporary patterns of variation. In this context h e  
application of recently developed molecular tools is of 
‘particular importance (Soltis & Soltis 1993). 

Correspondence: Murielle Richard. Tel. 33 1 69 417 284. 
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An interesting example is the Holcus complex, which 
contains markedly differentiated forms that appear to be 
closely related to ecological conditions. This complex is 
composed of two species, the diploid H. lanutus L. (York- 
shire fog, 2n = Zr = 14) and the tetraploid H. mollis L. 
(Creeping soft-grass, 2n = 4x = 28) and an interspecific 
pentaploid hybrid, H.m. x H.I. (2n = 5 x = 3 5 ) ,  which is 
morphologically similar to Holcus mollis (Jones 1958). So 
far, the tetraploid and the pentaploid have been consid- 
ered as a single species H. mollis (s. 1.) .  The caespitose spe- 
cies H. lanatus reproduces mainly sexually’ (i.e. seed), 
whereas H. mollis, a rhizomatous species, has been de- 
scribed as a clonal plant with no alternative to vegetative 
spread (Ellstrand & Roose 1987). More precisely, Jones 
(1958) said that the pentaploid reproduces almost exclu- 
sively by vegetative means and that the tetraploid 
H. moltis, although fertile, is likely to reproduce mainly 
by rhizomes. 

In this study we address two questions related to the 
H. lanatus - H. mollis complex and the origin of the 
pentaploid ‘species’. First, is the pentaploid’s mode of re- 
production exclusively vegetative or does sexual repro- 
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duction occur? The answer would clarify the existence of 
a reproductive barrier between H. lamtus and H. mollis. If 
the hybrid was sterile, its existence would not facilitate 
gene flow between the two species. Secondly, what are 
the levels of genetic diversity in natural populations of 
H. mdlis and the pentaploid hybrid? In this complex, ge- 
netic diversity can arise from several sources: intraclonal 
somatic variability (broad sense mutations), sexual repro- 
duction and, for the pentaploid hybrid, its origin by hy- 
bridization between H. lanutus and H. mollis. Such diver- 
sity will be subject to the classical evolutionary pressures 
of drift and selection. We undertook two studies: (1) 
caryological examination of the progenies of pentaploid 
hybrids were canied out and (2) RFLP (Restriction Frag- 
ment tength Polymorphism) patterns of the intergenic 
spacer region (IG) of rDNA were quantified in each of 
the taxa. 

Material and methods 

Plan f material 

For the caryological studies, seeds of pentaploid hybrids 
were collected from a natural population to the south- 
west of Paris and cultivated in an experimental garden. 
Sixty individuals were obtained. For an evaluation of the 
genetic diversity in wild populations, six to eight plants 
were Coliected in each of 13 sites of the same region 
(Fig. 1). Sites were chosen according to their different eco- 
logical conditions. Each isolate was divided into three 
subcultures and plants were grown in an experimental 
garden at the ‘Universite de Paris-Sud Orsay’ campus. 

G r y O k T Y  
Chromosome counts were carried out on young root 
squashes after a 2-h pretreatment with a-monobromo- 

U 
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naphthalene. Root apices were stained by the Feulgen re- 
action. Some chromosomes such as SAT-chromosomes or 
K-chromosomes are recognizable (Jones 1958; Walter 
1977) and have been used as cytological markers in the 
identification of chromosome sets. 

Flow cytornetry 

Flow cytometry was used to estimate ploidy levels from 
the DNA content of the nuclei. For each sample, a leaf 
fragment of about 2 cm2 was collected. Nuclei were iso- 
lated and bisbenzimidine Hoechst 33342 was used as AT 
base specific dye according to Brown etal. (1991). 
Chicken red blood cells (CRBC) were used as internal ref- 
erence standard. 

RFLP analysis 

Length variation in the intergenic spacer (IGS) region of 
the rDNA (Rogers & Bendich 1987) has been used as a 
genetic marker for the identification of individuals and 
the estimation of genetic diversity in populations. DNA 
isolation was based on a n A B  procedure (Murray & 
Thompson 1980) scaled down to small amounts of ma- 
terial (c 200 mg> and carried out in 2-mL microcentrifuge 
tubes. Three different heterologous probes (Fig. 2) were 
prepared from the clone pTA71 (Lassner & Dvorak 1986) 
which encompasses a complete 9-kb rDNA unit from an- 
other species of Poaceae, Triticum aestivum. These probes 
were specific for the 18s ribosomal gene, the 26s 
ribosomal gene and the 3’ region of the IGS, respectively. 
For restriction map construction, single and double di- 
gestions of genomic DNA of H. lanutus were performed 
with the enzymes BamHI, EcoRI, SstI and XbaI (BRL). For 
RFLP studies, genomic D N A  were digested with EcoRI 
and BamHI. Digested DNA was fractionated by agarose 
gel electrophoresis in TBE buffer (25 h at 4V/cm). 

Fig. 1 Geographic distribution of 
o t s l  the different populations used in 

this study. I?: w 
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Fig. 2 Comparison of restriction maps of the rDNA units from wheat and Holms. Robes, used for HO~CUS rDNA mapping and individual 
typing, are showed on the wheat restriction maps. 

RAOUL'" (Appligene) was used as a molecular-weight 
marker. Transfers were carried out directly onto nylon 
membranes using a denaturing 0 . 4 ~  NaOH transfer so- 
lution. Probes (Fig. 2 )  were labelled by random priming 
and prehybridization, and hybridizations were as in 
Sambrook et nl. (1989) under relatively stringent condi- 
tions. 

Results 

Ca yology: sexual reproduction of the pentaploid hybrid 

Sixty viable, fertile offspring were obtained from seeds of 
pentaploid Holcus plants. Chromosome numbers for 31 
plants are shown in Table 1. Three of them with the mor- 
phological features of H. hnntus displayed diploid caryo- 
types. The remaining samples consisted of 5 tetraploids 

(H.m.),20 pentaploid hybrids (H.m. x HI.), 2 hexaploids 
and one aneuploid (39 chromosomes). The presence of 
pentaploids in the progeny indicates that pentaploid hy- 
brids were fertile. They produced, alone or by back-cross- 
ing with H .  lanutus, not only pentaploids but also indi- 
viduals genetically homologous to the two parental 
species. Meiotic studies of the diploid individuals 
showed only bivalents and flow cytometry measure- 
ments gave the same DNA amounts as those observed for 
the wild H. Innatus. 

Flow cytomet y: relationship between the different 
components of the species complex in wild populations 

In order to estimate quickly and accurately the ploidy lev- 
els of a large number of individuals, timeconsuming 
classical chromosome counting was replaced by flow 

Table 1 Comparison of offspring (chromosome numbers and the number of seedlings for eachchromosorne number) obtained for different 
pentaploid populations by Jones (I), Beddows & Jones (2, a & b) and this study (3) 

2n= 14' 21 22 23 24 25 26 28 29-34 35 36 38 39 40 42 44 45 

(1) - 2 - - 3 1 6  3 15 1 1 4 1 2 - 1 1  
( 2 a ) -  1 2  3 5 2 2 - 1 -  - - - - 
(2b) - - - 2 - 3 -  - - - - - 1 1 -  - 
(3) 3 - - - - -  5 -  20 - - 1 - 2 -  - 

- - - 
- 

- 

(1) =Jones (19581, Chromosome numbers of seedlings obtained from open-pollination of pentaploids. The male parents were potentially 
pentaploids, diploids (H. h t u s )  and tetraploid or hexaploid individuals of H. mollis species. 
(2) = Beddows &Jones (19531, resulk of crossings between Holm lunatus and the pentaploid: (a) H. lanntus female x H. mollis male, (b) 
H. lanatus male x H. mollis female. FY hybrids obtained here are rnalesterile. 
(3) = Pentaploid progeny obtained in open-pollination in the Parisian region. Potential male parents were either pentaploid or diploids 
(H. Innatus). Offspring were most of the time fertile and hermaphroditic. I*= H. lanutus]. 
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Table 2 Plokly levels as detennined by flow cytometry of studied 
individuals. Means values were deduced h m  the experimental 
ratio R of fluorescence intensities of the 2C nuclei to those of the 
internal reference (chicken red blood cells). n is the number of 
plants 

n Assays MeaniSDS 

Diploid (2n = 2x = 14),H. Imb 13 35 1.23 2 0.013 
Tetraploid (2n = 4x = 28),H. mollis 27 62 2.19 i 0.032 
Pentaploid (2n = 5x  = 35),Hm. x H.I. 29 65 2.78 * 0.047 

*arbitrary unit. 

cytometric measurement. Reference values were ob- 
tained from plants of the three (diploid, tetraploid and 
pentaploid; caryotypes found in Holcus. Mean values 
were derived from the experimental ratio R of fluores- 
cence intensities of the 2C nuclei to those of the internal 
reference (chicken red blood cells). Because of the 
nonlinear relation between fluorescence intensity of the 
bisbenzimide and DNA amount (Godelle et al. 1993), we 
simply correlated the ratio R with the ploidy level (Ta- 
ble 2). Plants could be dassified into three groups come- 
sponding to the different taxa used as reference. These 
data allowed the analysis of population composition (Ta- 
ble 3). Some populations contained only tetraploid (H.m.1 
individuals, whilst others consisted of a mixture of 
pentaploid hybrids (Hm. x H.I.) and diploids (HL). We 
never observed mixed populations containing tetraploid 
(H.rn.1 and diploid W-lJ plants or tetraploids (H.m.1 and 
pentaploid hybrids (Hm. x H.I.) nor any with all three 
taxa. Hence, the tetraploid, H. mollis, since it was present 
in the pentaploid hybrid offspring (Table 11, apparently 
does not establish or is eliminated from the hybrid habi- 

tat. In the same way, the pentaploid hybrid and the dip- 
loid W.I.) are absent from environments colonized by the 
tetraploid. H. lanutus and the pentaploid hybrid (H.m. x 

H.I.) are ecologically separated from H. mollis (Table 3). 

Genetic diversity 

Hybridization experiments combining each of the probes 
and digests of Holcus rDNA by different restriction en- 
zymes allowed us to draw a restriction map of Holcus 
rDNA that was compared to the restriction maps of 
Triticurn aeslivum (Apples & Dvorak 1982) (Fig. 2). This 
preliminary study led to the identification of EcoRI- 
BamHI restriction fragments in Holcus DNAs that con- 
tained most of the IGS and displayed the length varia- 
tions specific to this region (Rogers & Bendich 1987). 

This result was used to carry out a systematic survey 
of the hybridization patterns displayed by each Holcus 
sample when double EcoRI-BamHI digests were probed 
with the T. nestioum IGS specific probe (Fig. 3). The size of 
the hybridizing fragments in H.mollis samples ranged 
from 6-7 kb with the discrete increments expected from 
the IGS general structure (Gerbi 1986; Rogers & Bendich 
1987). In H. lanatus one main signal was detected at 5.5 kb 
accompanied by a minor one at 6 kb. In the pentaploid 
hybrid, both H. lanutus and H. mollis patterns are found 
together. No new 'hybrid' band which would have indi- 
cated recombination between parental genomes could be 
detected. The visual estimation of the hybridization sig- 
nals confirmed the expected stoichiometry of each con- 
tributor genome. 

The hybridization patterns were used for individual 
typing and the estimation of genetic diversity in Holcus 
populations (Table 3). A high degree of inter-individual 

PloMy 
Pop'n levels Type of vegetation 

Number of 
Sampled Number different 
area (m2) of plants RFLP pattern 

I1 
IV 
V 
lx 
X 
I11 

I 
VI 

VII 
VIII 
X I I I  

Wood, heath 
4x sparseoak wood 
4x O a k W o o d  
4x hornbeamaak wood 
4x heath 
4x pine forest on heath 
5x (4x1, edge of wooded peat-bog 

Meadow 
5x (2x)t damp mowed meadow 
5x. 2x frequently mowed meadow 
5x, 2x 
5 x  (2r)t abandoned pasture 
5 x  (2x)t 

previous damp meadow in reforestation 

frequently mowed damp meadow 

~ ~~~ 

600 
150 
250 
100 
100 
100 

200 
500 
100 
100 
150 

~ ~- 

8 
6 
8 
8 
8 
6 (+2) 

5 
8 & 4  
6dr4 
8 
8 

5 
3 
2 
4 
3 
4 (+1) 

3 
1 
4 
4 
1 

Table 3 Ecological and 
sampling data for the 11 study 
populations. The habitats 
favouring the tetraploid 
H. mollis are typically poor 
forest soils while the 
pentaploid hybrid and the 
diploid H. lnnntus livepn richer 
and damper soils. Flowering 
particularly depends, for the 
tetraploid, on the density of 
trees and shrubs and, for the 
pentaploid, on the frequency of 
mowing 

*adjacent population of tetraploid (H. mollis); tnonstudied diploids (H. lmtus). 
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Fig. 3 Examples of hybridization patterns obtained for different 
individuals of H. larutus, of the pentaploid hybrid (H.I. x H.rn.) and 
ofH. mollis. 

polymorphism was detected in H. mollis samples, as well 
as in pentaploid hybrid plants. In H. lanutus, comparison 
of individual patterns did not demonstrate a pronounced 
polymorphism. This result was unexpected because, as  
mentioned above, reproduction was supposed to be es- 
sentially sexual for H. lanutus and mainly vegetative for 
H. mollis (due to its forest habitat) and the pentaploid hy- 
brid. In the latter case a preferentialIy vegetative repro- 
ductive system does not seem to affect the genetic diver- 
sity of populations. This suggests that rDNA patterns 
might not be stable within one clone. In order to test this 
hypothesis, the IGS hybridization patterns of several 
clones of H. mollis and the pentaploid hybrid were deter- 
mined on different subcultures of each clone and in dif- 
ferent years (Fig. 4). Identical polymorphic patterns were 
obtained in all samples of a same clone, thus demonstrat- 
ing the rDNA stability through space and time in these 
rapidly spreading species (H. mollis) and in the hybrid. 
IGS length variation could then be used as a marker for 
individual typing. 

Fig. 4 Examples of hybridization patterns obtained for different 
subcultures (a & b) of a single individual, in two successive years 
(1991 & 1992). Samples have been divided into three subcultures 
since 1990. 

Fig. 5 Sample hybridization patterns of different populations. 
(a)Clonal populations. In population V (tetraploid) only two 
genets (genetically different individuals) are represented by sam- 
ples 1-6 and by samples 7 and 8, respectively. In population VI 
(pentaploid) there is one clone represented here by 4 samples; the 
other samples have similar patterns. (b) Polymorphic popula- 
tions. In the population 111, we identified 4 individuals in 6 sam- 
ples (1 & 4; 2 & 6; 3; 5). The two tetraploid samples (from 1 indi- 
vidual) are from a contiguous tetraploid population. In the 
tetraploid population we identified 3 genets among 6 samples (1, 
2 & 4; 3; 5 & 6). 

At the population level, identical hybridization pat- 
terns for all samples were found in some populations that 
thus appear to consist of single clones. Other populations 
had individuals displaying variable patterns (Fig. 5). 
These results could be correlated with the environment 
favouring either sexual or vegetative propagation (Ta- 
ble 3; Richard, unpublished data). In the case of H. mollis, 
flowering depends on light level and consequently on the 
density of trees and shrubs. 

Discussion 

Pentaploid hybrid origin and reproduction 

Previous work on the genus Holcus has revealed that in 
Britain H. mollis occurs as a complex of polyploid forms, 
with 2n = 28,35,42 or 49 (Ekddows and Jones 1953; Jones 
1954). Chromosome studies (Jones 1958) at meiosis and 
mitosis have also shown that the tetraploid and the 
pentaploid are allopolyploids, the pentaploid being de- 
rived from a cross between H. lanutus (2n =14) and 
H. mollis (2n = 28). The hybrid nature of the pentaploid 
was confirmed by the discovery of natural triploid hy- 
brids (2n = 21) from which the pentaploid is presumed to 
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have been derived by back-crossing to the tetmploid par- 
ent. Triploid hybrids have also been observed in offspring 
of H. lunatus (2n = 14) and H. mollis (2n = 28) experimen- 
tal crosses. H. mollis (2n = 28) and H. lunn~us in open pol- 
lination did not produce any pentaploid. Jones (1958) 
thus suggested that the origin of the pentaploid hybrid 
involves a back-cross between a nonreduced triploid 
gamete and the tetraploid H. mollis parent. 

The present caryological results, obtained for popula- 
tions in northcentral France, can be compared with those 
of Jones and Beddows in Britain (Beddows h Jones 1953; 
Jones 1958; Table 1). In the latter study most offspring of 
the pentaploid were found to be aneuploid, with diploids 
(H. hnatus) and hexaploids being absent. Although these 
authors reported that triploids were present, only one 
pentaploid was seen. In the pentaploid offspring of our 
study, we found a relatively large proportion of 
pentaploids and few aneuploids. Differences in experi- 
mental conditions cannot explain the differences between 
the results of Jones (1958; Table 1: line 1) and ours (Ta- 
ble 1: line 3) because Jones and Beddows (1953) obtained 
the same results under conditions similar to ours (Table 1: 
lines 2, a L b) and we observed seed viabilities (around 
4%) similar to those found by Beddows (1971) in Britain 
and Walter (1980) in Poland. The high proportion of 
pentaploids which we obtained suggests that meiosis is 
regulated. Moreover, the pentaploid interspecific hybrid 
seems to have a different origin in France than in Britain. 
The absence of neither triploid offspring nor triploid 
adult individuals in the studied populations leads us to 
propose the following hypothesis concerning the origin 
of the pentaploid in France. We suggest that hybridiza- 
tion between H. Iumtus (2n = 14) and a nonreduced gam- 
ete of H. mollis (2n = 28) may have directly produced a 
pentaploid without the triploid intermediate which often 
facilitates polyploid evolution. In this context, Walter 
(1973) found that in Polish populations only tetraploid 
H. mollis and the pentaploid hybrid exist. This is similar 
to what we found. We thus suggest that British popula- 
tions have a different evolutionary history from those in 
France and elsewhere in continental Europe. 

RFLP patterns of the parental species (H.lanatiis h 
H. mollis) and of the pentaploid hybrid (Fig. 3) showed 
that the characteristic fragments of each species were 
present in the pentaploid, thus confirming its hybrid ori- 

gin. No specific fragment for the pentaploid hybrid could 
be detected, suggesting that recombination between pa- 
rental genomes is rare or absent, at least in this region of 
the genome. The presence of both tetraploids (H. mollis) 
and diploids (H. lunatus) in the pentaploid offspring sup- 
ports this conclusion. It is thus reasonable to suppose that 
a pentaploid hybrid, in which the parental genomes are 
simply combined without recombination, can not only be 
formed but must actually be fertile. The absence of re- 
combination between the two genomes results in genetic 
separation between H. lanutus and H. molIis. The follow- 
ing sequence of events during meiosis in the pentaploid 
hybrid can be suggested: First, meiosis in the H. mollis 
genome occurs as in an allotetraploid (2n = 28 = AABB) 
and produces gametes either reduced (AB/AB) or non 
reduced (AABB) or even aneuploid (AB + x/A0 - x). Si- 
multaneously, meiosis in H. lanatus genome occurs inde- 
pendently of that in H. mollis genome, although the 
former may pin one of the chromosomal sets from the 
H. mollis meiosis or even form gametes alone (n’ = 7 = C). 
The pentaploid hybrid W.m. x H.I.) can thus produce dif- 
ferent kinds of gametes (Table4). The proportion of 
aneuploid gametes will depend in this case on the regula- 
tion efficiency of meiosis in H. mollis genome. The ab- 
sence of recombination between the H.lnnatus and 
H. mollis genomes and the possibility of an independent 
migration for the H. lnnntus genome may explain the oc- 
currence of pentaploid offspring and more particularly, 
the presence of H. lanutus individuals observed in the 
present study. 

Coexistence of H .  lanatus and the hybrid in natural 
p o p  Ia t ions 

The study of relationships between the different compo- 
nents of the species complex in natural populations 
showed that H. lanutiis and the hybrid are ecologically 
separated from H. mollis, the first two being found in the 
same populations (Table 3). The coexistence of H. lanatus 
and the hybrid suggests that the different forces acting on 
these two taxa allow their maintenance. Can the repro- 
duction of hybrids through crosses with the diploid 
H. lunatus explain their proportion in the mixed popula- 
tions given what we know of the reproduction param- 
eters of these plants? Or is it necessary to invoke other 

Table 4 Gametes potentially pro- 
d u d  by the pentaploid meiosis un- 
der the hypothesis of genetic separa- 
tion of the parental species and of a 
meiosis regulation of the tetraploid 

Contribution of H. mollis genome, 2n = 28 (AABB) 

disjunction nondisjunction aneuploids 
AB AABB AB+x & ABx 

Contributionof H. lanutus genome AB AABB(CAABB) AB + x, A B x  genome 
n’= 7(C) C A R  C CAB + x, CABx 
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Fig. 6 proportion of pentaploid hybrids in the population (x) at 
equilibrium as a function of different parameter values. Propor- 
tion of hybrid ( p )  and H. lnnutus (9) in hybrid (1) and H. fanatus (2) 
progenies: p, = 0.6; q,  = 0.05, p2 = 0.1, q2 = 0.9. These values have 
been chosen according to experimental results (Table 1; line 3). 
(a) Effect of sexual reproduction parameters:f (hybrid fecundity 
value) and o (viabiity of the juveniles) without vegetative spread 
(rand s have been fixed at  0). Variation off and u around our esti- 
mated values cf= 0.1 and u = 0.7, value obtained in seed cultures 
in absence of competition and thus value that can be considered as 
maximal in populations) do not change much the proportion x 
which is around 0.1, much lower than in M ~ U V  ol, is around 0.5). 
(b) Effect of r (survival and vegetative spread rate of the hybdd) 
and s (H. lnnutus survival rate). Herefhad the fixed value of 0.1, u 
value has been fixed to 0.7 (see above). Contrary to sexual repro- 
duction parametersf and u, vegetative reproduction parameters r 
and s have a very important effect on x and can explain the ob- 
served values. 

factors to understand our observations? To answer this 
question, we have built a simple model (see Appendix). 
The goal was to find the parameter values thet allow the 
existence of mixed H. fanatus-pentaploid hybrids popu- 
lations. Some parameter values have been fixed accord- 
ing to experimental results. 

The output of the model was the proportion of hybrids 
( x )  in the population at equilibrium. When only the effect 
of sexual reproduction on the proportion of hybrids was 

studied (Fig. 6 a), the model showed that the proportion 
of new hybrids in one generation depends essentially on 
the number of hybrids produced by H. Innatus. Indeed, 
for different values of the viability of the juveniles (01 and 
particularly for a value lower than 0.7 (= D maximal, ac- 
cording to experimental results), variation in the fecun- 
dity of the hybrid Ct, has almost no effect on x. This pro- 
vides a real advantage for the coexistence of the 
pentaploid with H. lanutus. Sexual reproduction param- 
eters did not, however, have a significant effect on the 
proportion of hybrids, and thus cannot explain the pro- 
portion of pentaploid hybrids observed in wild popula- 
tions. On the contrary, the vegetative reproduction pa- 
rameters r (survival and vegetative spread rate of the 
hybrid) and s (survival rate of H. lnnatus) have a very im- 
portant effect on the hybrid proportion (Fig. 6b). Conse- 
quently, separate ecological niches for H. Innatus and the 
hybrid must be postulated in order to explain the mainte- 
nance of H. lnnatus in the population and the proportion 
of hybrids found in wild populations (x around 0.5). 

Genetic diversity in natural populations 

The molecular markers showed significant genetic diver- 
sity in wild populations; this did not result from 
intraclonal variation, but from sexual reproduction in H. 
mollis (2n = 28) and in the pentaploid hybrid. The com- 
parison of hybridization patterns obtained for H. mollis 
(2n = 28) and for the pentaploid hybrid (Fig. 3) showed 
that they do not seem to have diverged, i.e. gene flow is 
maintained between them. Hybridization between 
H. lanutus and H. mollis (2n = 28) thus seem to occur and 
to generate new pentaploid hybrids. Alternatively tetra- 
ploids (H. mollis) may be produced by pentaploid hy- 
brids. The latter hypothesis is less probable given that 
tetraploids and pentaploids do not coexist in the study 
region. However, we must consider the possibility of 
seed dispersal (i.e. of tetraploids produced by penta- 
ploids) from pentaploid hybrid to tetraploid populations. 
Contact between these two types of populations does not 
seem to be uncommon (e.g. population 111 in Table3). 
H. Innatus, H. mollis and the hybrid, although they require 
different ecological conditions (Table 3; Richard, unpub- 
lished data), are not geographically separated. Further- 
more, if the assumption of a direct formation of the 
pentaploid, without the triploid intermediary stage is cor- 
rect, such dispersal is likely. In sum, the pentaploid hy- 
brid will be fertile and may have pentaploids in its prog- 
eny as a result of selfing or by backcrossing to H. lanatus 
(with which it commonly coexists). The existence of 
sexual reproduction in pentaploid hybrids and the possi- 
bility of recurrent hybrid production by H. [anatus x 

H. mollis crosses can explain the genetic diversity o b  
served in our populations. 



36 M. RICHARD et al. 

Genetic diversity in Holcus mollis populations of Brit- 
ain was previously studied by Harberd (1967) and devel- 
oped more recently by Ellstrand & Roose (1987) in their 
review of genotypic diversity in ClOMl plant species. Fob 
lowing a morphological and phenological examination of 
58 isolates of H. mollis (s. 1.) from eighteen sites, Harberd 
recognized four plant-types, between which major 
discontinuities exist with relatively little heterogeneity 
occurring within a given type. According to chromosome 
counts, three of these mapr types are pentaploid, the 
fourth Wig triploid. The conclusions are that each type 
corresponds to a single seedling and that natural stands 
of H. mdlis contain very few genotypes. Two points rein- 
forced Harberd’s conclusions: the pentaploid hybrid in 
Britain has been considered sterile and, according to the 
hypothesis of Jones (1958), its formation requires a com- 
bination of infrequent events such as the Occurrence of a 
triploid parent. On the other hand, Jones & Carrol(1962) 
showed, in a comparative study of cultivated H. mollis 
chromosome races, that, if quantitative differences do ex- 
ist, no obvious morphological or phenological characters 
can be used to separate them. The only differences are in 
chromosome number. If these morphological and pheno- 
logical characters cannot be used to differentiate ploidy 
levels with certainty, they cannot be used to measure ge- 
netic diversity within populations. We must then wonder 
about the relevance of the phenotypic characters chosen 
to distinguish individuals. In similar investigations of 
populations in the Parisian region, morphological and 
phenological characters have allowed us to distinguish 
H. mollis (2n = 28) from the pentaploid hybrid (2n = 35). 
In certain cases we could also distinguish individuals 
from different populations. Individuals, however, could 
only be distinguished on the bases of molecular markers. 

Conclusion 

Our conclusions are twofold. First, two different evolu- 
tionary pathways may exist for the origin of pentaploid 
Hdcus Fig. 7) in Britain and in continental Europe (at 
least in the Parisian region). In Britain, pentaploid forma- 
tion has involved two successive events (Jones 1958) 
whereas only a single one has occurred in France. In both 
systems, H. lanatus and H. mollis are genetically sepa- 
rated. But even though this implies sterility for the 
pentaploid hybrid in Britain, this genetic separation has 
not impeded the fertility of the pentaploid in French 
populations. Indeed, the independent behaviour of the 
parental genomes during meiosis allows the French 
pentaploid to yield new pentaploids, either by selfing or 
by badc-crossing to H. lunatus. In Britain pentaploid hy- 
brid formation seems to be less frequent and pentaploids 
can be maintained and spread only by asexual multiplica- 
tion. This predicts a lower genetic diversity in Britain than 

Regulation of the meiosis -* 
and independance 
of the genomu 

Fertile 
continued foxmation 

H.lanahu 
by sclhg or backcrossing to 

Sterile 
Formation = m e  event 

f-- Vegetativespread 

figh ~eneticdivmity + LOW 

Fig. 7 Hypothetical origin and reproduction of the English and 
the French pentaploid hybrids and their consequences for genetic 
diversity. In Britain, the pentaploid formation requires two suc- 
cessive events whereas only a single one is necessary in the Paris- 
ian region. In the latter case, the regulation of meiosis allows the 
French fertile pentaploid to yield new pentaploids either by 
s e h g  or by backaossing to fi. innutus. In Britain the formation of 
the pentaploid hybrid seems to be less frequent and pentaploids 
can be maintained and spread only by asexual multiplication. 

in France. The use of molecular markers allowed us to 
show that there exists a high level of genetic diversity in 
the Parisian region. The studies in Britain (Harberd 1967) 
revealed a very low diversity of morphological markers 
which may underestimate the actual diversity. It is now 
necessary for a comparative study of molecular variation 
in the two regions for these predictions to be confirmed. 
The model which we propose describes these different 
systems with parameter values chosen according to the 
results from each system. 

Secondly, the present results show an interesting ex- 
ample of a new taxon (the pentaploid hybrid H. 1. x H. m.) 
being formed by hybridization of two pre-existing spe- 
cies and coexisting with them in two different ways. The 
pentaploid hybrid seems to be able to be maintained to- 
gether with the diploid H. lanatus in the same habitat 
through niche differentiation. The tetraploid H. mollis 
and the pentaploid hybrid do not coexist, but colonize 
different habitats. Preliminary results suggest that the 
habitats favouring H. mollis are typically poor forest soils 
while the pentaploid and H. lunntus live on richer and 
damper soils. The pentaploid hybrid establishes without 
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eliminating either of its parents, one through niche differ- 
entiation, the other  through habitat differentiation. 
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Appendix. Desaiption of the model 

Sexwl reproduction alone 

L H M x = hybrids (H) proportion in the population 
(u,) C U ~  (u,) 1 - x = H. hmtus (L) proportion in the population Females 

V: viability (competitivity) of the juveniles (seeds and seedlings) for the different taxa: 
v, has the fixed uulue of 1, H. Innatus being kept as reference. 
v3 = 0, none tetraploid being found in mixed hybrids - H. h u t u s  populations. 
v, will be noted 0. 

f :  relative hybrid fecundity (number of seeds) compared to H. lanutus. 

Sexual reproduction, Vegetative spread and generation overlap 

To parameters previously defined, we added the following, relative to the adults survival from one generation to the next 
and to their vegetative spread. 
r: survival and vegetative spread rate of the hybrid; 
s: survival rate of H. lanutus. 

Next generation: 

XI= 
.[.&I + (1 - X ) P , ]  +tx 

4ffW + 41 1 + .I + (1 - xxs+ P,V+4,) 


