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Summary. Six grasses, Hordeum sativum, Dactylis glo- 
merata, Festuca arundinacea, F. pratensis, F. rubra and 
Lolium multiflorum were subjected to chloroplast  D N A  
analysis based on restriction endonuclease digestion 
fragments and end labeling with ~sS nucleotides.  This 
method is compared  with others in general  use. The 
results indicate that  Lolium multiflorum is closely af- 
filiated with Festuca pratensis and F. arundinaeea; in 
fact much closer than F. rubra is to any of  them. 
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Introduction 

Organelle D N A  studies have become commonplace  in 
tracing the phylogenetic relat ionships of  animals  (e,g. 
Wilson et al. 1985). For  natural  reasons, these studies 
concentrate on mi tochondr ia l  DNA. Chloroplast  D N A  
has also been used in establishing the taxonomy of  
plants (e.g. Palmer  and Thompson 1982; Bowman et al. 
1983; Hosaka et al. 1984; Terachi et al. 1984; Palmer  
et al. 1985). Chloroplast  D N A  (cpDNA) is t ransmit ted 
in a fashion different from genomic DNA; it is consid- 
ered to be of  maternal  origin (Sears 1980). It has been 
subject to an evolution different and independent  from 
the main genome. In studying chloroplast  D N A  dif- 
ferentiation, it is advisable to concentrate on a well- 
known group of  plants which allows direct comparison 
o f  new and established data. 

In this paper  we present  a sensitive method  for 
restriction analysis of  cpDNA and a way to use 
fragment pat terns in taxonomy. The power  of  the 
method is demonst ra ted  on the monocoty ledonous  
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grass tribe Festuceae where the location of  the genus 
LoBum (ryegrasses) has been a mat ter  of  dispute 
(Stebbins 1956). 

Materials and methods 

Plant material 

The following species were studied: barley (Hordeum sativum), 
cocksfoot (Daetylis glomerata), tall fescue (Festuca arundi- 
nacea), meadow fescue (F. pratensis), red fescue (F. rubra), and 
Italian ryegrass (Lolium multiflorum, var. Prego Daehnfeldt). 
The plants were grown on vermiculite under a 16 h light/8 h 
dark period at 18 ~ for 10-20 days. 

Isolation of chloroplasts 

The plants were kept for 1 day in complete darkness before 
isolation of chloroplasts. Then 10 g samples of leaf material 
were homogenized with a Waring Blendor for 2x  5-7 s in a 
batch of 80 ml H buffer (50 mM Tricine-KOH, pH 7.9; 330 
mM sorbitol; 2mM EDTA; 1 mM MgC12; 0.1% BSA. Mills 
and Joy 1980). The homogenate was sieved through one layer 
of Miracloth (Calbiochem) into a 100 ml centrifugation flask 
and 10 ml of 40% Percoll in H buffer was pipetted under the 
homogenate. The flasks were centrifuged for 12 rain at maxi- 
mum of 3,200 g. The pellet was resuspended with a Pasteur 
pipette in a 2 ml of 40% Percoll in H buffer. Different runs of a 
single sample were pooled and pipetted into a 10 ml centrifuge 
tube over 1 ml of 80% Percoll in H buffer. The tubes were 
centrifuged for 15min at 3,200g. Intact chloroplasts ac- 
cumulate at the border layer between the liquid phases. 

The chloroplasts were diluted with a minimum of 2 
volumes H buffer and pelleted (3 min, 3,200 g). The pellet Was 
resuspended into 1 ml of NET buffer (150 mM NaC1, 15 mM 
EDTA, 40 mM Tris-Cl, pH 7.9), pelleted (8 s, Eppendorf Mini- 
fuge) and resuspended to attain the final volume (0.4 ml NET 
buffer). All phases of this work were done in a cold room at 
4~ and/or on ice. 

Lysis o['chloroplasts and cpDNA isolation 

The chloroplasts were lysed immediately by adding 80 ~tl 20% 
Triton X-100 (final concentration 4%) and were incubated for 
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pattern of  BamH1 is shown in Figs 1 and 2a. Each 
species shows a unique pattern. Festuca pratensis, F. 
arundinacea and L. multiflorum appear  to share many  
features in comparison to the other species (Figs 1, 2 a). 

The outcome is essentially similar for EcoR1, Hind3, 
Pvul and Sall (Fig. 2). F. pratensis, F. arundinacea and 
L. multiflorum group together and the other species 
diverge from this cluster and each other. Sall and also 
Pvu2 restriction fragments of  barley are identical to 
those reported by Poulsen (1983). 

As shown above, each restriction enzyme gives a 
species-specific pattern. They also reveal a different 
amount  of  variation, so that Sall and Pvu2 are re- 
latively insensitive, and BamH1, Hind3 and EcoR1 give 
many  restriction fragments. 

Fig. 1. BamHl digestions of cpDNAs fractionated by a 0.5% 
and b 1.5% agarose gel. The species are 1: Hordeum sativum; 2: 
Festuca rubra; 3 F. pratensis; 4: F. arundinacea; 5: Lolium mul- 
tijTorum; 6: Dactylis glomerata 

30-60 min at room temperature thereafter. After 10 s centrifu- 
gation (Eppendorf Minifuge), 25 Ftl 20% SDS (final concentra- 
tion 1%) was added to the supernatant. Following 10min 
incubation, the lysate was extracted twice with phenol and 
twice with ether. Then 10 pl (20 Ftg) of RNase solution was 
added to the solution and it was incubated for 15 rain at 37 ~ 
DNA was precipitated by adding 2 volumes of absolute 
ethanol, then being pelleted, washed and dried in the usual 
way. The DNA pellet was dissolved into 10-100 Ftl TE buffer 
(6 mM Tris-C1, pH 7.9; 1 mM EDTA). 

Restriction enzyme digestion, labelfing and electrophoresis 

The volume of a 40 ng cpDNA sample was increased to 10 Ftl 
by adding TE buffer. The buffer was modified by adding 1.1 ~tl 
10xCA (200 Tris-HC1, pH7.5, 1,000 mM KCI, 70 mM MgC12, 
20 mM 2-mercaptoethanol, 1 mg/ml BSA). Then 3-7 units of 
appropriate restriction enzyme were added and the solution 
was incubated for 2 h at 37~ Following that, it was made up 
to 200 nM with the necessary deoxynucleotides and 0.16 pmol 
of 35S dATP (>600 Ci/mmol) (Amersham) and 0.12 units of 
Klenow enzyme (Boehringer Mannheim) was added. After 
an incubation of 30 min, the reaction was interrupted. Elec- 
trophoresis was done in a Bethesda Research Laboratories 
horizontal apparatus. The agarose used was BioRad "Ultra 
Pure DNA grade". The digested and labelled cpDNA sample 
was divided into 2 equal volumes and run in 0.5% and 1.5% 
agarose gel to allow separation of large (2-20 kb) and small 
(0.2-2 kb) restriction fragments, respectively. After the run, 
the gel was dried and autoradiographed on Sakura X ray film. 

Results 

Five restriction enzymes were used, namely: BamH1, 
EcoR1, Hind3, Pvu2 and Sall. The restriction fragment  

Discussion 

CpDNA isolation and detection. The use of  Percoll 
gradients in the isolation of  intact chloroplasts is fairly 
well established (Herrman 1982). Their greatest short- 
coming in cpDNA evolution studies is a low yield of  
DNA from certain species. We have overcome this 
problem by direct end labelling of  restriction fragments 
using the Klenow enzyme. The label used is 35S-dATP, 
which is much more convenient (longer half  life and 
thus improved economy; shorter radiation range re- 
sulting in sharper bands) than the commonly  used 32p_ 
based label. It combines the advantages of  labelling to 
the high resolution o fe th id ium bromide, but minimizes 
the hazards. The only inconvenience is reduction in 
sensitivity, which increases the exposure time by an 
order of  magnitude. 

The nonaqueous  method (Bowman and Dyer  1982) 
has been reported to give so far the highest yield of  
wheat  cpDNA: 18 Ftg from 10 g fresh plant. Ethidium 
bromide detection requires 0.75 Ftg cpDNA per diges- 
tion; i.e. out o f  10 g wheat  one gets 24 digestions. The 
Percoll technique gives approximately 0.5 Ftg cpDNA 
from 10g wheat  and as 20ng  (or as little as 10ng) 
suffice for one digestion with end labelling, this gives 25 
digestions per 10 g wheat. Thus our method gives at 
least as good a yield as the nonaqueous method.  Of  
course, nonaqueous isolation and end labelling together 
would give superior results. 

Hybridization techniques have been used to study 
cpDNA (Day and Ellis 1984; Palmer  et al. 1985). They 
have visualized cpDNA restriction patterns with a 
specific probe. This approach uses as little DNA as 
direct labelling but is less sensitive to changes in 
fragment length: the bands become diffuse during 
blotting. Hybridization is also a much more laborious 
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that DNA diverges through a substitution of one base 
pair for another. The cleavage sites are expected to be 
randomly distributed and the method of detection 
should allow the separation of nonhomologous frag- 
ments from each other. 

The assumption of random distribution of cleavage 
sites within cpDNA is apparently not satisfied. Adams 
and Rothman (1982) have extensively studied these 
distributions in a wide range of DNA's from different 
organisms. The distributions deviate in most cases 
significantly from random expectations. The nonrandom 
distribution in the animal mitochondrial DNA is based 
mainly on an unequal presence of transitions and 
transversions (Nei and Tajima 1985), i.e. there is a high 
bias favouring transitions. Zurawsky et al. (1984) have, 
however, shown that this bias is low in cpDNA. This 
increases the value of cpDNA in phylogenetic studies. 

It has become apparent that the evolution of 
cpDNA higher plants is based on rather rare, large 
inversions and numerous small deletions. Substitutions 
are, in fact, relatively uncommon (Curtis and Clegg 
1984; Zurawsky et al. 1984; Palmer 1985). 

Scoring as a substitution a fragment change which 
results from a deletion underestimates differentiation. 
This is, however, less severe than when the fragment 
change is not included in the estimate. Many deletions 
(or insertions) make it difficult to identify substitutions 
properly. We found it most convenient to include all 
fragment changes into an estimate of  differentiation. 
The direct labelling technique used here allows recogni- 
tion of small fragments and thus decreases the under- 
estimation of differentiation. 

The inverted repetition within the cpDNA under- 
goes concerted evolution; a change in one arm results 
in an identical change in another (see Palmer 1985). It 
has, therefore, been suggested (Banks and Birky 1985) 
that double bands should be excluded from diversity 
estimates. However, our material does not include a 
single case in which a set of  double band had together 
moved an equal distance in either direction. We have, 
therefore, felt that the inclusion of double bands does 
not result in any significant error. 

We should like to stress that the numerical values 
obtained from restriction data are not, for the reasons 
above, straightforward values of genetic distance, but 
also depend greatly on the choice of  enzymes. 

The most recent observations on paternal transmis- 
sion of chloroplasts in Nicotiana (Medgyesy et al. 1986) 
further support not drawing very precise conclusions. 

The evolution of epDNA in Festuceae 

All restriction enzymes used recognize a unique, non- 
overlapping nucleotide sequence. This, with the as- 
sumptions mentioned above, allows the pooling of data 

Table 1. Divergence matrix showing nucleotide divergence 
(upper hal0, with p, calculated by Nei and Li's (1979) ap- 
proach and number of total and shared fragments, separated 
by commas (lower hal0; 1 to 6 refer to plant species in the 
same order as Fig. 1 

1 2 3 4 5 6 

1 - 0.217 0.181 0.184 0.204 0.173 
2 272,37 - 0.163 0.204 0.181 0.180 
3 338,57 276,52 - 0.039 0.029 0.154 
4 314,52 252,37 318,126 - 0.066 0.140 
5 340,50 278,47 344,144 320,108 - 0.153 
6 344,60 282,48 348,69 264,57 350,70 - 

a 

H. v ulg. 

F. rubra 

D. glom. 

F. arund. 

t. mult. 

F. prat. 

�9 0 1 2 .  . . . .  i . . . .  i . . . .  ~ . . . .  , 
0 . 1  

b 

Foarund. 

~ H. vulg. 

F. rubra 

Fig. 3. Phylogenetic trees of Festuceae constructed according 
to a UPGMA and b Li (1981). Standard deviations from the 
original distance matrix are 13 % and 6.6 %, respectively 

in the construction of a between species distance matrix 
that gives a measure of  chloroplast nucleotide diversity 
(P, the probability that two randomly chosen cpDNA 
molecules will have different nucleotides at a given 
nucleotide site; Nei and Li 1979). The distance matrix 
is given in Table 1. 

To convert the distance matrix into a visual form, 
phylogenetic trees were constructed using different 
methods. Figure 3 shows phylogenetic trees constructed 
with the UPGMA (Sneath and Sokal 1973) and the 
method of Li (1981). In addition, the methods of Fitch 
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and Margoliash (1967) and Farris (1972) were applied 
to the data. The two latter methods gave larger percent- 
age standard deviations (calculated according to Fitch 
and Margoliash 1967) from the starting matrix (SD is 
39% and 14%, respectively). The method of  Farris 
(1972) gave a result essentially similar to that obtained 
with method of  Li (1981). Each method gives a slightly 
differing solution but the essential features o f  phylo- 
geny are unchanged. The absence of  F. arundinacea 
from two digestions (Sail, Pvu2) does not affect the 
structure ofphylogenetic  trees. 

The phylogenies in Fig. 3 show that barley (H. 
sativum), which belongs to the tribe Hordeae (Triti- 
ceae), clearly differs from the other species. Within the 
tribe Festuceae an interesting pattern emerges: Festuca 
rubra appears to be isolated from the other species of  
Festuca. Lolium multiflorum groups consistently togeth- 
er with F. arundinacea and F. pratensis. F. rubra is, in 
fact, about equally distant from the other two fescue 
species and ryegrass as Dact)'lis glomerata, which be- 
longs to an other genus. 

Taken together, the above results suggest that the 
genus Festuca is an artificial construction. The rubra 
group within the genus seems to differ widely from the 
other species. The position of  Lolium multiJTorum is 
most interesting: it is closely related to the two species 
of  the pratensis group (F. pratensis and F. arundinacea). 

Stebbins (1956) pointed out that the placement of  
Lolium perenne into the tribe Hordaceae is incorrect. As 
evidence for this view he marshalled data on hybridiza- 
tion and morphology. L. perenne and L. multiforum 
have been known to hybridize with F. pratensis and F. 
arundinacea (Tutin et al. 1980). Nevertheless, the divi- 
sion into the genera Festuca and Lolium is maintained 
on morphological evidence. The cpDNA data suggest 
revision o f  the situation. 
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