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restriction 

Abstract. Chloroplast DNAs (cpDNAs) were analyzed in 
order to clarify the phylogenetic relationships among tur- 
fgrasses. Physical maps of cpDNAs from Agrostis 
stolonifera and Zoysia japonica, which are representative 
species of cool (C3 type) and warm (C4 type) season 
turfgrasses, respectively, were constructed with four re- 
striction enzymes, i.e., PsfI, SalI, SacI, and XhoI. The 
genome structures of these cpDNAs were found to be 
similar to each other in terms of genome size and gene 
orders, showing thereby a similarity to other grass 
cpDNAs. CpDNAs of 5 species of cool season turfgrass- 
es and 6 species of warm season turfgrasses as well as 
four species of cereals, distributed among 14 genera of 
Gramineae, were digested with PstI, XhoI, and BamHI, 
and their restriction fragment patterns were compared. 
Their genome sizes were estimated to be 135-140 kbp. 
Each species showed characteristic RFLP patterns. On 
the basis of the frequency of commonly shared frag- 
ments, a dendrogram showing the phylogenetic relation- 
ships among their cpDNAs was constructed. This den- 
drogram shows that turfgrasses can be divided into three 
major groups; these correspond to the subfamilies. Cool 
and warm season turfgrasses are clearly distinguishable 
from each other, and the latter can be further classified 
into two subgroups that correspond to Eragrostoideae 
and Panicoideae. Our classification of turfgrasses and 
cereals by RFLP analysis of cpDNA agreed in principal 
with their conventional taxonomy, except for the loca- 
tion o f  Festuca and Lolium. 
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Introduction 

Turfgrasses are classified into more than 30 species be- 
longing to 20 genera and three subfamilies of Gramineae 
(Gould and Shaw/983). On the basis of their ecological 
habitats and agronomical aspects, they are divided into 
two major groups: cool and warm season turfgrasses. As 
for physiological aspects, cool season turfgrasses have 
the C3 photosynthetic system, whereas warm season ones 
have the C4 system (Turgeon 1985). 

Although turfgrasses have been subjected to conven- 
tional systematic studies, the number of genetic studies 
carried out on interspecific relationships, have been lim- 
ited because of restrictions in crosses and the low number 
of available genetic markers (Weeden and Emmo 1985; 
Pitman et al. 1987). 

The restriction fragment length polymorphism 
(RFLP) analysis of chloroplast DNAs (cpDNAs) has 
become a powerful tool for investigating phylogenetic 
relationships among plant species (Palmer et al. 1988). 
CpDNA analysis has been successfully applied to clarify 
interspecific relationships in Nicotiana, Brassica, 
Triticurn and Aegilops, Oryza, and other species (re- 
viewed by Palmer et al. 1988). In some cases, RFLP anal- 
ysis of cpDNA is also applicable for the investigation of 
intergeneric relationships (Palmer et al. 1988). This meth- 
od is especially useful for plants having a long life span 
and vegetative propagation habit (e.g., Strauss et al. 
1988). 

The study presented here was aimed at the evaluation 
of genetic diversity and phylogenetic relationships 
among turfgrasses by means of cpDNA analysis. Physi- 
cal maps of cpDNAs from Agrostis stolonifera (cool sea- 
son turfgrass) and Zoysia japonica (warm season turf- 
grass) were constructed to assess the basic structure of 
chloroplast genomes in turfgrasses. With reference to the 



130 

physical  maps,  the R F L P  data  were analyzed in order  to 
estimate phylogenetic relationships among turfgrass spe- 
cies; this informat ion could be utilized in breeding pro-  
grams. 

(Vogelstein and Gillespie 1979) after digestion with the appro- 
priate restriction enzymes (Shinozaki et al. 1986). 

The procedures used for the labeling of the probe DNAs, 
Southern hybridization, and the detection of the hybridized sig- 
nals have been described previously (Katayama et al. 1991). 

Materials and methods 

Plant materials 

The turfgrass strains used for cpDNA isolation included 5 spe- 
cies of cool season turfgrasses and 6 species of warm season ones 
(Table 1). Four cereals, namely, wheat, barley, maize, and rice, 
were used as controls. Their taxonomic classifications (Gould 
and Shaw 1983) are also described in Table 1. 

Chloroplast DNA extraction 

Intact chloroplasts were isolated from fresh leaves of plants 
grown in the greenhouse by the discontinuous sucrose gradient 
method. CpDNAs were extracted from the purified chloroplasts 
(Ogihara and Tsunewaki 1988). 

Physical map construction of turfgrass epDNAs 

The cpDNAs of A. stolonifera and Z. japonica were digested 
with PstI, SaII, SacI, and XhoI separately or with PstI in com- 
bination with SalI, Sad, and XhoI as described in the manufac- 

is instructions (Takara Shuzo Co). The digested DNAs 
~were transferred onto a Hybond N. nylon membrane (Amersham) 

by the alkali-method (Reed and Mann 1985) after fractionation 
by 0.8% agarose gel electrophoresis in TAE buffer (Maniatis 
et al. 1982). Restriction sites of the two cpDNAs were first 
estimated by restriction fragment orders and subsequently, con- 
firmed by heterologous hybridizations with wheat cpDNA 
clones, namely, P3, P4, P5, P6, P7, P9, P10, S3a, 166, 249, and 
B2 (Ogihara and Tsunewaki 1988), which cover the entire 
chloroplast genome of wheat. The locations of seven chloroplast 
genes (see top of Fig. 2) on the physical maps of turfgrass 
cpDNAs were determined. DNA fragments of tobacco cpDNAs 
corresponding to each gene were extracted from agarose gel 

Restriction fragment analysis of chloroplast DNA in turfgrasses 

CpDNAs of 15 species were digested with three restriction en- 
donucleases, PstI, XhoI, and BamHI, and fractionated by 0.8% 
agarose gel electrophoresis. The sizes of the digested fragments 
were estimated by comparison with commercial size markers. 
The genome size of cpDNA in turfgrass species was calculated 
by summing up the number of restriction fragments. 

The geneti c similarity of chloroplast genome types between 
a given paired species was estimated on the basis of the frequen- 
cy of commonly shared restriction fragments. A dendrogram 
was then constructed according to the unweighted pair grouping 
(UPG) method (Sneath and Sokal 1973). 

Results 

Chloroplast genome size o f  turfgrass species 

The sizes of  the chloroplast  genomes of  the turfgrass 
species listed in Table 1 were est imated from restriction 
fragment patterns. The molecular  sizes and copy number  
of  individual  restriction fragments of  turfgrasses and ce- 
real crops obtained by PstI digestion are presented in 
Table 2. Since similar da ta  on the molecular  sizes of 
turfgrass cpDNAs  were obtained with other restriction 
enzymes (data not  shown), the genome sizes of  turfgrass 
c p D N A s  were inferred to be 135-140 kbp. The sizes of  
the chloroplast  genomes of  Er. ophiuroides, P. notatum, 
and Z. mays, all of  which belong to the subfamily Pani- 
coideae, were larger than those of  the other subfamilies 
(Table 2). 

Table l. Strains of turfgrasses and cereal crops used in the experiment, and their taxonomic classifications" 

Species Common name Strain Tribe Subfamily Code 

Cool season turfgrass 
Agrostis stolonifera 
Lolium multi)qorum 
Festuca arundinacea 
Festuca rubra 
Poa pratensis 

Warm season turfgrass 
Cynodon dactylon 
Chloris gayana 
Eragrostis eurvula 
Zoysia japonica 
Eremoehloa ophiuroides 
PaspaIum notatum 

Cereal crop 
Triticum aestivum 
Hordeum vulgate 
Zea mays 
Oryza sativa 

Bentgrass Penncross Agrosteae Pooideae 1 
Italian ryegrass Common Festuceae Pooideae 2 
Tall fescue Falcon Festuceae Pooideae 3 
Red fescue Boreal Festuceae Pooideae 4 
Kentucky bluegrass Ram I Festuceae Pooideae 5 

Bermudagrass U-3 Chlorideae Eragrostoideae 6 
Rhodesgrass Catanbora Chlorideae Eragrostoideae 7 
Weeping lovegrass Common Eragrosteae Eragrostoideae 8 
Zoysiagrass Common Zoysieae Eragrostoideae 9 
Centipedgrass Common Andropogoneae Panicoideae 10 
Bahiagrass Common Paniceae Panicoideae 11 

Common wheat Chinese Spring Triticeae Pooideae 12 
Barley Jinriki Tritieeae Pooideae 13 
Maize Jupitor Maydeae Panicoideae 14 
Rice Nipponbare Oryzeae Pharoideae 15 

a After Gould and Shaw (1983) 
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Physical maps of chloroplast genomes in A. stolonifera 
and Z. japonica 

The order of the restriction fragments in each turfgrass 
was determined by double digestions and confirmed by 
Southern hybridization with 11 wheat cpDNA clones as 
probes. For example, hybridization patterns of cpDNAs 
in A. stolonifera and Z. japonica with wheat clone P4 are 
shown in Fig. 1. Complete physical maps of A. 
stolonifera and Z. japonica cpDNAs were constructed 
based on the data obtained with the four restriction en- 
zymes (Fig. 2). The structures of the chloroplast genomes 
of A. stolonifera and Z. japonica were basically the same 
as those of other grasses, containing an approximately 
82-kbp large single-copy region, an approximately 13- 
kbp small single-copy region, and approximately 21-kbp 
inverted repeats (IRs). 

The locations of seven chloroplast genes were as- 
signed on the physical maps (Fig. 2). The gene arrange- 
ments of turfgrass cpDNAs were the same as those of 
other grass cpDNAs in terms of Southern hybridization. 

Chloroplast genome types in turfgrasses revealed 
by restriction fragment patterns 

The restriction fragment patterns of cpDNAs were high- 
ly variable among the 15 species. Fourteen restriction 
fragment patterns were distinguishable by the 60 differ- 
ent fragments generated after PstI digestion (Table 2) 
and 54 different fragments obtained with XhoI. CpDNAs 
ofL. multiflorum and F. arundinacea showed the identical 
fragment pattern upon PstI or XhoI digestion. However, 
L. multiflorum and E arundinacea were distinguishable 
by 78 different fragments after BamHI digestion. In total, 
15 different chloroplast genome types were detected 
among the 15 species, each having a unique chloroplast 
genome (Fig. 3 a, b). 

Phylogenetic relationships betwen cpDNAs 
of turfgrasses and cereals 

CpDNAs of cool season turfgrasses produced similar 
restriction fragment patterns, and these were clearly dif- 
ferent from those of warm season turfgrasses. The num- 
ber and frequency of cpDNA fragments shared in com- 
mon between all pairs of i l turfgrass and four cereal 
species are given in Table 3. Based on the frequency of 
commonly shared fragments, a dendrogram was con- 
structed by the UPG method (Fig. 4). The turfgrass spe- 
cies were divided into three major clusters, which corre- 
spond to the subfamilies of Gramineae. The five cool 
season turfgrasses in Pooideae were relatively close to 
each other, consisting of a cluster at 44.8% similarity 
level. On the other hand, the four species of warm season 
turfgrasses belonging to Eragrostoideae were clustered at 
a 57% similarity level. Two other species of Panicoideae 

Fig. 1A, B. Southern hybridization patterns of cpDNAs of 
A. stronifera (A) and Z.japonica (B) probed with the P4 frag- 
ment of wheat cpDNA 



(A) 23S 16S psbA psbD,C atpApsaA rbcL 16S 23S 
~___ _- = ~ = -  ~__. _ - -  = 

IR IR 
I I I I 

13 1.9 
Pst~ 1 4 2 3 5 

11.o 

Sa/ I 1140.5~6 

Xho I 
149 3.2 

( B )  23s 168 psbA p~bD,C atpAf~aA rbcL 16S 238 
m - -  - -  ~ B m __  m 

[R IR 
[ I 

5 3 8 . 4  196 ,8 14~ 47 23.3 - 3 ~  t62 

21.5 7.2 21,5 33 4.5 14.8 2 94 14.8 - 

~136'1111"6 6J] 5.8 7~j 4.9 ~ ~  ~4,5J2.~ 5.411 ~ ~ 3  
10 0.9 2 18,5 14.4 

2 18.5 35.312.~.81 14.413.1l 
Fig. 2A, B. Physical map of cpDNAs of ,4. stolonifera (A) and Z.japonica (B) showing the recognition sites of four restriction 
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Fig. 4. A dendrogram showing 
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tween the chloroplast genomes 
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species as constructed by the 
UPG method 

Table 3. Numbers of shared restriction fragments (lower left half of the table) and the frequency (%) of common fragments (upper 
right half) between strains 

Code of a Code of strains a Aver- 
strains age 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 

1 68 b 5 0 . 8  53 .0  36 .6  4 5 . 6  36 .2  32 ,3  3 3 . 6  32 .0  29.2 26 .6  43.4 39 .4  36 .6  33.8 37.8 
2 66 62 93.7 51 .2  52.3  46 ,3  33 .9  35 .3  3 1 . 9  30 .5  32 .8  43 .9  43,0 35 .2  32.3 43.8 
3 70 118 64 55.1 53 .0  47.2 35 .0  38 .0  34 .7  30.1  30 .6  46.4 45 .5  34 .6  33.3 45,0 
4 48 64 70 63 51.9 32 ,8  26 .9  28 .3  2 8 . 3  33 .3  34 .1  2 9 . 0  32 .8  33 .3  27.2 35.8 
5 62 68 70 68 68 36.2 25 .8  36 .8  2 8 . 8  33 .6  28 .1  35 .7  40.9 33 .6  27.7 37.9 
6 46 56 58 40 46 59 64.3 60 .3  58 .6  34 .8  32 .8  30 .0  28 .8  42.6 33.1 41.7 
7 40 40 42 32 32 74 56 56.6 63 .7  36 .8  39 .7  30 .8  27 ,8  37 .0  27.1 38.4 
8 42 42 46 34 46 70 62 57 63.2 42 .9  42.7 25 .0  31 .0  40.0 28.6 40,2 
9 40 38 42 34 36 68 72 72 57 34.9 41.0 35 .6  34 .5  35 .0  33.6 39.7 

10 40 40 40 44 46 40 46 54 44 69 54.3 26 .2  25 ,0  50 .0  39.7 35.8 
11 34 40 38 42 36 42 46 50 48 70 60 28.1 2 5 . 2  43 .9  27.9 34.8 
12 56 54 58 36 46 36 36 30 42 34 34 61 73.3 32 .3  24.4 36.0 
13 50 52 56 40 52 34 32 36 40 32 30 88 59 27.9 21.5 35.5 
14 48 44 44 42 44 52 44 48 42 66 54 40 34 63 40.0 37.3 
15 44 40 42 34 36 40 32 34 40 52 34 30 26 50 62 30.7 

Codes are found in Table 1; b The total number of restriction fragments is given in italics 

were grouped together at a 54.1% similarity level. The 

four cereals used in the experiment also clustered with the 

turf  grasses. 

D i s c u s s i o n  

It is widely accepted that the genome structure of  chloro- 

plast is conserved among divergent plants (Palmer et al. 

1988). This conservatism of c p D N A  enables us to study 

the phylogenetic relationships of  diverse plants at various 

taxonomic levels. We estimated the sizes of  the chloro- 
plast genomes of  the turfgrasses to be between 135 kbp 

and 140 kbp. This range is comparable to that found in 

the cereals and is approximately 20 kbp smaller than that 
of  other monocots  and tobacco (Katayama et al, 1991). 

The size of  the IR  region of  turfgrass c p D N A  was esti- 



mated to be 21 kbp, whereas the large single-copy region 
was calculated to be about  82 kbp, and the small single- 
copy region, 13 kbp. These estimations indicate that the 
structural features of  the turfgrass chloroplast genomes 
are comparable to those of  cereals, such as wheat, barley, 
rye, oat, maize, and rice, and different from those of  
other monocots  and tobacco (see Katayama et al. 1991). 

Although the gene contents in the chloroplast ge- 
home are highly conserved among plants (Palmer et al. 
1988), it is known that the chloroplast genome of  cereals 
harbors three major  inversions (Howe et al. 1988; Hirat- 
suka et al. 1989), which is in contrast to the situation in 
the most frequently found chloroplast genomes in an- 
giosperms, such as that of  tobacco. In our experiment, 
seven genes were mapped on the physical map of  A. 
stolonifera and Z. japonica cpDNAs,  four of  which are 
localized at the borders of  the major inversion. Mapping 
data showed that the gene orders of  two turfgrass 
cpDNAs are the same as those of  wheat (Ogihara and 
Tsunewaki 1988) and rice (Hiratsuka et al. 1989). Our 
results suggest that the inversions of  c p D N A  found in 
cereals might be common occurrences among grasses. 
Accordingly, the R F L P  analysis of  cpDNAs in grasses 
should be reliable for the investigation of  their phyloge- 
netic relationships. 

R F L P  analysis revealed a wide variation among the 
cpDNAs of  turfgrasses. Phylogenetic relationships de- 
duced from the similarity of  restriction fragment patterns 
(Fig. 4) showed that the cool and warm season turfgrass- 
es constituted two major groups, with the latter subdivid- 
ed into two subgroups corresponding to subfamilies. The 
phylogenetic relationships of  the turfgrass species de- 
duced from our study (Fig. 4) are principally in accor- 
dance with their classification based on morphological 
characters (Tateoka 1957). It should be emphasized that 
R F L P  analysis o f  cpDNAs allowed the estimation of  
their relative relatedness. 

However, one clear discrepancy was disclosed, and 
that is the relationship of  E arundinaeea to E rubra and 
L. multiflorum. Our results indicate that E arundinacea is 
much closer to L. multiflorum than to F. rubra. This 
discrepancy has already been noted by Lehvaslaiho et al. 
(1987). Our results also strongly suggest that the cyto- 
plasm of  F. arundinacea was derived from a Lolium spe- 
cies. In fact, intergeneric hybrids have been, produced 
between Lolium and Festuca (Buckner et al. 1961), and 
these showed meiotic chromosome pairing (Humphreys 
1989). 

The present results provide an overall phylogenetical 
picture of  turfgrass species and will be utilized in their 
future breeding programs. 
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