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Summary. A physical map of the Bromus inermis chloro- 
plast genome was constructed using heterologous probes 
of barley and wheat chloroplast DNA (cpDNA) to locate 
restriction sites. The map was aligned from data obtained 
from filter hybridization experiments on single and dou- 
ble enzyme digests. Cleavage sites for the enzymes PstI, 
SalI, KpnI, XhoI and PvuII were mapped. The chloro- 
plast genome of B. inermis is similar in physical organiza- 
tion to that of other grasses. The circular cpDNA mole- 
cule of B. inermis has the typical small (12.8 kbp) and 
large (81.3 kbp) single-copy regions separated by a pair 
of inverted repeat (21 kbp) regions. The cpDNA mole- 
cule of B. inermis is collinear in sequence to that of wheat, 
rye, barley and oats. No structural rearrangements or 
major deletions were observed, indicating that the 
cpDNA of Bromus is a useful tool in phylogenetic stud- 
ies. 
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Introduction 

Bromus inermis Leyss is an economically important for- 
age species in the temperate zones of North America. It 
is an upright perennial grass that spreads by rhizomes to 
form a dense sod on a wide range of soils (Molnar 1988). 
Bromus inermis is native to Eurasia and is also known as 
Austrian, Hungarian or Russian brome. It was intro- 
duced into North America at the turn of the century 
(Newell 1973) and is now cultivated widely in the United 
States corn belt and in western and central Canada. It is 
also grown in Russia, China and Northern Europe (Mol- 
nar 1988). 

Bromus inermis is an octoploid (AAAABBBB) with a 
chromosome number of 2n = 56 and has been the subject 
of few genetic studies because of its high ploidy level 
(Molnar 1988). Although B. inermis can be successfully 
crossed with several other North American and Eurasian 
species (Armstrong 1973, 1977, 1981, 1982, 1983, 1984a, 
b, 1985), its exact parentage is unknown. The chloroplast 
DNA relationship of B. inermis to other diploid and 
polyploid species of the genus Bromus sensu lato has been 
investigated (Pillay and Hilu 1990). 

This paper presents a physical map of the chloroplast 
genome of B. inermis. The availability of a physical map 
will enable the localization of detailed rearrangements 
and additions or deletions of similar plastomes in related 
species of Bromus. Restriction site maps not only provide 
information about genomic evolution, they are also use- 
ful to systematists interested in organismic phylogenies 
(Kellogg 1992). 

Materials and methods 

Plant material 

Seed of B. inermis cv 'Manchar' were obtained from Sharp Bros. 
Seed Co, Healy, Kansas, USA. They were germinated in flats 
under greenhouse conditions, and after 2 weeks of growth the 
seedlings were transferred into a dark cupboard in the green- 
house for 2 days to reduce the starch content of the leaves. The 
leaves were then harvested, frozen in liquid nitrogen and stored 
at -70~ in a freezer until use. 

DNA extraction, restriction endonuclease digestion 
and gel electrophoresis 

Chloroplast DNA (cpDNA) was extracted using the procedures 
of Kemble (1987) with the following modifications. In each 
extraction, 25 g of leaf material was ground with a pestle in a 
mortar containing liquid nitrogen. The powder was then resus- 
pended in 400-500 ml of the isolation buffer. After lysis of the 
chloroplasts and the addition of ammonium acetate, the lysate 
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was placed on ice for about 30 rain. This step seemed to help in 
removal of RNA from the samples during the phenol/chloro- 
form extraction. The DNA was digested singly with PstI, SalI, 
KpnI, XhoI and PvuII following directions provided by the sup- 
plier (GIBCO BRL). Double digestions were done with a PstI 
digest and each one of the other enzymes listed above. These 
restriction enzymes were used because they cut cpDNA some- 
what infrequently and produce a small number of fragments. 
Such rare-cutting enzymes are appropriate for constructing a 
complete map of the chloroplast genome (Palmer 1986). The 
DNA fragments resulting from the digestions were separated by 
electrophoresis in a 0.8% agarose gel. The DNA was stained in 
ethidium bromide and photographed under UV light. 

Southern transfer and DNA hybridization 

The DNA fragments in the gel were nicked (induced single- 
strand breakage) for 5 rain under UV light and transferred di- 
rectly to Zetaprobe membranes under high alkaline conditions 
(0.4 M NaOH, 1 M NaC1) (Reed and Mann 1985). The mem- 
branes were baked overnight at 65 ~ 

Recombinant plasmids were used as hybridization probes. 
The probes were a set of ten PstI barley cpDNA clones provided 
by Dr. A. Day (University of Geneva, Switzerland) and Dr. T. 
H. N. Ellis (John Innes Institute) and covered a major part of the 
chloroplast genome of Bromus. These probes from barley will be 
designated as P(number of probe)B in this study. In addition, 
the positions of some restriction sites and fragments were con- 
firmed by using the wheat PstI fragment P4 and the collective 
BamHI fragments of wheat, B(11-3), B(2-15) and B(I 0-18), pro- 
vided by Dr. C. Bowman (Plant Breeding Institute, Cambridge). 
The BamHI clones represent partial digestions, the nomencla- 
ture being defined by the two BamHI fragments that border the 
inserted DNA. For example, B(2-15) contains BamHI fragments 
B2, B26 and B15 of wheat. The wheat clone designations will 
have a "W" suffix added in this study. The size and approximate 
location of the barley and wheat probes are shown in Fig. l. 

Entire plasmids were labeUed by the nick translation proce- 
dure (Rigby et al. 1977) using 50 ~tCi= 1.85 x 10  6 Bg of [c~-3zP] - 
dCTP and 1 ixg of DNA per reaction. Unincorporated [~_32p]_ 
dCTP was removed by centrifugation (Maniatis et al. 1982). The 
membranes were prehybridized for at least 2 h at 65 ~ in the 
hybridization buffer (3 x SSC, 20 mM NaH2PO 4, pH 7.2, 7% 
SDS, 10 x Denhardt's and denatured salmon sperm DNA at 
100 rtg/ml). Hybridization was carried out at 65 ~ for 12-20 h 
in fresh hybridization buffer to which a radiolabelled cpDNA 
probe was added. After hybridization the membranes were 
washed for 15 rain each at 65~ 3 times in 3 • SSC/0.5% SDS 
and 3 times in 1 x SSC/0.1% SDS and once in 0.5 • SSC/0.1% 
SDS to remove unbound radioactive material. The membranes 
were air dried briefly, wrapped in Saran wrap and exposed to 
Kodak XAR-5 X-ray film at - 7 0  ~ with an intensifying screen 
for a few to several hours or days. In some instances, sharper 
bands were obtained by exposing films at room temperature 
without the screen. This procedure was useful in identifying 
bands that were very close together. 

Analysis of  data 

Photographs were used to measure the mobilities of individual 
DNA fragments, and fragment sizes were estimated using a 
regression analysis computer program. Molecular weight 
standards included HindIII-digested lambda DNA and a 1-kb 
marker (GIBCO BRL). For comparative purposes, oats, rye 
and, sometimes, barley cpDNA and total cellular DNA of wheat 
were co-electrophoresed in the gels. These patterns were 
compared with data published on wheat (Bowman et al. 1981; 
Ogihara and Tsunewaki 1988), rye (Murai et al. 1989), barley 

Fig. 1. Approximate location of barley and wheat cpDNA frag- 
ments used as probes in this study. The outer complete ring 
represents PstI fragments of barley cpDNA; the inner segments 
represent wheat cpDNA fragments; P4 W represents a PstI frag- 
ment and the others are collective BamHI fragments. The size 
(kbp) of each probe is indicated. IR represents the inverted 
repeat region 

Fig. 2. Restriction endonuclease digests of B. inermis cpDNA. 
Digestion of DNA was carried out with PstI (lane 1), PvulI (2), 
PstI and PvulI (3), SalI (4), PstI and SalI (5), KpnI (6), PstI and 
KpnI (7), XhoI (8) and PstI and XhoI (9). Numbers in left margin 
indicate size markers of lambda DNA-HindlII  restriction digest 
fragments (M) 
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Table 1. Bromus inermis cpDNA fragment size, copy number, 
and barley and wheat probes to which they hybridized after 
digestion with PstI, SalI, KpnI, XhoI and PvuII 

En- Frag- Size Copy Probe-fragment 
zyme ment (kbp) number hybridization 

designa- 
tion 

PstI P1 33.3 1 P2B, P3B, P4B, B(I1-3)W, 
B(2-15)W 

P2 19.6 2 PIB, P2B, P3B, B(ll-3)W, 
B(10-18)W 

P3 12.6 1 P5B, P7B, P4W 
P4 11.0 1 P6B, P9B 
P5 8.4 3 P4B, P8B, B(2-15)W 
P6 5.6 1 P6B, P9B 
P7 5.3 1 P10B 
P8 1.9 1 B(2-15)W 
P9 1.4 1 PIB, B(10-18)W 
P10 0.6 1 P1B 

SalI $1 27.2 1 P2B, P4B, B(11-3)W, 
B(2-t5)w 

$2 21.8 1 P2B, P3B, B(ll-3)W, 
B(10-18)W 

$3 14.2 1 P2B, P3B, B(ll-3)W 
$4 13.6 1 P6B, P9B, P10B 
$5 11.8 1 P5B, P7B, P4W 
$6 7.4 1 PJB 
$7 7.2 3 PIB, P8B 
$8 6.8 1 PIB, P5B 
$9 4.5 2 P6B, P9B 
SI0 1.1 1 P5B, P7B 
Sl l  0.8 1 P1B 
$12 0.6 1 B(I1-3)W 

KpnI K1 18.0 1 P6B, P9B, P10B 
K2 15.8 1 P1B 
K3 11.8 1 P2B, P3B, B(ll-3)W 
K4 10.8 3 P2B, P3B, P5B, P7B, P8B, 

P4W 
K5 9.8 1 P4B, B(2-15)W 
K6 8.9 1 P2B, P4B, B(11-3)W, 

B(2-15)W 
K7 8.3 1 P1B, P5B, P7B, P4W 
K8 7.4 1 P2B, P3B B(ll-3)W 
K9 6.3 1 P1B, P3B, B(10-18)W 
K10 5.8 1 P4B, B(2-15)W 
K l l  4.9 1 P3B, B(10-t8)W 
K12 1.8 2 P6B, P9B 
Ki3 0.8 2 P6B, P9B 
K14 0.7 1 P5B, P4W 

XhoI X1 18.2 3 PIB, P2B, P3B, P4B, P5B, 
P7B, P4W, B(11-3)W, 
a(2-15)W, B(10-1S)W 

X2 14.9 1 P6U, P9B, P10B 
X3 13.1 1 P2B, P3B, B(ll-3)W, 

B(2-15)W 
X4 9.7 1 P1B, P5B, P7B, e4w 
X5 8.6 1 P2B, P3B, B(ll-3)W, 

B(2-15)W 
X6 5.6 2 P2B, P8B 
X7 3.8 1 PIB 
X8 3.2 2 P8B 
X9 2.9 3 P2B, P6B, P9B, B(ll-3)W 
X10 2.8 1 P2B, B(ll-3)W 
XI1 2.4 1 P1B 
X12 0.9 2 P6B, P9B 

Table 1 (continued) 

E n -  Frag- Size Copy Probe-fragment 
zyme ment (kbp) number hybridization 

designa- 
tion 

PvuII 

XI3 0.6 1 P3B 
X14 0.4 2 P2B, P3B 
VI 37.6 1 P2B, P4B, B(ll-3)W, 

B(z-15)w 
V2 28.0 1 P1B, B(10-18)W 
V3 14.0 2 P3B, P6B, PSB, P9B, 

B0 1-3)W 
V4 12.8 1 PIOB 
V5 6.7 1 P5B, P7B, P4W 
V6 5.4 1 PIB, P5B, P7B, P4W 
V7 5.2 1 P6B, P9B 
V8 4.1 2 P6B, P8B, P9B 
V9 1.4 2 P2B, P3B, B(ll-3)W 
VI0 0.6 2 P6B, P9B 

(Poulsen 1983; Day and Ellis 1985) and oats (Murat and 
Tsunewaki 1987) and with the data of Enomoto et al. (1985). 
The B. inermis fragments that co-migrated with those of wheat, 
rye, oats or barley were estimated to be of the same size for 
comparative reasons. 

Results 

Fragmentation of  B. inermis cpDNA with restriction 
endonucleases 

Figure 2 shows the restriction fragment  pat terns  of  the 
c p D N A  of  B. inermis with the five restr ict ion endonucle-  
ases used for mapping.  Very intense bands were assumed 
to contain more  than one dose of  a sequence of  that  size. 
This assumption was confirmed by hybridizat ion.  The 
restriction enzymes PstI, SalI, KpnI, XhoI and PvuII pro-  
duced between 10 and 14 fragments of  differing sizes per 
enzyme. Mos t  of  the D N A  fragments were over 2 kbp in 
length. Smaller sized fragments, if  not  visible in gels, were 
seen in the autoradiograms.  Figure 3 represents a typical  
au torad iogram obtained from hybr idizat ion of  a radiola-  
belled barley clone to Bromus c p D N A .  The est imated 
molecular  size and copy number  of  the D N A  fragments 
are listed in Table 1. Chloroplas t  D N A  fragments ob- 
tained from digestion by PstI, SaII, KpnI and XhoI are 
designated with the first letter of  the enzyme used; frag- 
ments from PvulI are designated with "V".  The frag- 
ments from an enzyme digest are numbered  according to 
decreasing size. Summat ion  of  the fragment  sizes gener- 
ated by each enzyme was approximate ly  136 kbp. Since 
the enzyme PstI produced  the least number  of  fragments,  
the chloroplast  genome size of  B. inermis was equated to 
the sum of  these fragments, which amounted  to 
136.1 kbp. 
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Construction o f  the physical map 

The data provided in Table 1 were used to construct the 
physical map (Fig. 4). Alignment of the maps was facili- 
tated by the overlap filter hybridization method (Palmer 
1986). Double digestions were used in determining over- 

Fig. 3. Autoradiograph resulting from hybridization of[32p]-la - 
belled barley probe P3B to Zetaprobe membrane of B. inermis 
cpDNA. The lanes contain DNA digested with PstI (lane 1), 
PvuII (2), PstI and PvuII (3), SalI (4), PstI and SalI (5), KpnI (6), 
PstI and KpnI (7), XhoI (8) and PstI and XhoI (9). Numbers in 
left margin indicate approximate fragment sizes in kbp 

lapping regions of the PstI map with those of other en- 
zymes. 

Some difficulties were encountered in positioning 
fragments hybridizing to the following pairs of barley 
probes: P2B and P3B, P5B and P7B, and P6B and P9B. 
Figure I shows that P2B and P3B as well as P6B and P9B 
contain similar regions of the inverted repeat. Conse- 
quently, these probe pairs hybridized to the same frag- 
ments of B. inermis, thus causing ambiguity in map con- 
struction. The wheat probe B(11-3)W, which overlaps a 
greater part of P2B, extending into the large single-copy 
region was useful in partially resolving the ambiguity. 
Barley probes P5B and P7B always produced identical 
hybridization patterns. Although the homology between 
barley and B. inermis cpDNA was very high, as judged 
from the high stringency washing, neither the P5B nor 
the P7B clones hybridized to the 1.9-kbp or 8.4-kbp PstI 
fragments of B. inermis located in the region occupied by 
P7B (Figs. 1 and 4). It seems as if the P7B clone does not 
completely cover the region of the barley chloroplast 
genome indicated in Fig. 1. In this regard, the wheat 
clone B(2-15)W provided strong intensities with both the 
1.9-kbp and 8.4-kbp fragments. This result confirmed the 
presence of three copies of 8.4-kbp sequences in the PstI 
digest of B. inermis, as is also found in oats (Murai and 
Tsunewaki 1987). 

The existence of multiple sequences in some restric- 
tion bands, some of which were not identical, also com- 
plicated the interpretation of physical mapping data. For 

Fig. 4. Restriction site map of B. inermis cpDNA 
showing cleavage sites for PstI, SalI, KpnI, XhoI 
and PvulI. The inverted repeat is designated IR. 
Fragment sizes are shown in kbp. Region A indi- 
cates PstI and SalI restriction sites unique to Bro- 
mus and the M u chloroplast genome type of 
Triticum/Aegilops. The position of the rbcL gene 
is inferred from Bowman et al. (/981) 
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example, the XhoI digest produced three nonidentical 
fragments of 18.2 kbp in a single band. Despite these 
problems, the data provided in Table 1 were sufficient to 
produce a physical map of B. inermis (Fig. 4). 

Discussion 

Method of cpDNA extraction 

In many plants the isolation of highly pure cpDNA that 
is easily digested with restriction endonuclease remains 
an enigma; this is especially true in the grasses (Bowman 
and Dyer 1982; Baum and Bailey 1989; Dally and Second 
1990). Instead of isolating pure cpDNA many laborato- 
ries have adopted methods involving the isolation of to- 
tal DNA and the use of heterologous DNA probes to 
locate specific fragments. There are advantages and dis- 
advantages associated with these latter methods. One 
disadvantage, as explained using examples by Green 
et al. (1986), is the possibility that cpDNA probes might 
hybridize to homologous nuclear or mitochondrial 
DNA. Such anomalies, if left unchecked, can introduce 
gross errors in physical mapping studies. Therefore, the 
extraction of pure cpDNA from some species is necessary 
in order to distinguish cpDNA fragments in a total DNA 
preparation. Pure cpDNA may also be desired for com- 
parative studies in laboratories not equipped for radio- 
isotope work or for the examination of cpDNA sequence 
homologies among plants. The cpDNA extraction meth- 
od used in this study (Kemble 1987) yielded highly pure 
DNA with no contaminating nuclear DNA and little or 
no RNA as observed from gel electrophoresis. Although 
the cpDNA isolation procedure used in this study was 
developed initially for dicotyledons, it can be applied, 
with modifications, to a wider range of plants. By means 
of this technique, cpDNA has been isolated from hops 
(unpublished data) and many grasses including barley, 
Brachypodium, Cynodon, Danthonia, Digitaria, finger 
millet, maize, oats, Paspalum, rye, rice, sorghum and 
pearl millet. The procedure works with more than one 
plant group and is highly recommended, especially for 
grasses. 

Physical map of B. inermis 

Chloroplast DNA restriction endonuclease maps are cur- 
rently available for only a few grass species. In subfamily 
Pooideae, to which B. inermis belongs, cpDNA physical 
maps have been constructed for wheat (Bowman et al. 
1981; Ogihara and Tsunewaki 1988), barley (Poulsen 
1983; Day and Ellis 1985), rye (Murai et al. 1989) oats 
(Murai and Tsunewaki 1987), B. tectorum (Kellogg 1992) 
and Poa (R. J. Soreng unpublished data). In this study, 
the cpDNA of B. inermis is physically mapped (Fig. 4), 
and the positions of the  cleavage sites for PstI, SalI, 

KpnI, XhoI and PvuII are shown. The cpDNA restriction 
map of B. inermis is similar in physical organization to 
the chloroplast genomes of other grasses. The chloro- 
plast genomes of grasses are generally characterized by 
the presence of three inversions (Howe et al. 1988). The 
circular chloroplast genome of B. inermis has t]he typical 
small (12.8 kbp) and large (81.3 kbp) single-copy regions 
separated by a pair of inverted repeat (21 kbp) regions. 

With a genome size of 136.1 kbp, the cpDNA of 
B. inermis is similar in size to the cpDNAs of wheat, rye, 
barley, oats, finger millet and rice (Enomoto et al. 1985). 
This size corresponds to that of the average chloroplast 
genome of members of the Pooideae, which is reported to 
be 135 kbp (Soreng et al. 1990). The chloroplast genome 
of B. inermis is smaller than those reported figr foxtail 
millet, maize, Job's tears and sorghum, all of which have 
cpDNA molecule of approximately 140 kbp (Enomoto 
et al. 1985). 

The cpDNA molecule of B. inermis is collinear in 
sequence to those of wheat, rye, barley and oats, al- 
though the restriction patterns of B. inermis were more 
similar to those of wheat and rye than to barley and oats. 
The proportion of shared restriction fragments (F value 
of Nei and Li 1979) between B. inermis and rye, wheat, 
barley and oats was 0.76, 0.72, 0.57 and 0.46, respective- 
ly. The physical map of B. inermis has more homologous 
restriction sites with rye and wheat than with barley or 
oats. A detailed comparison of restriction site maps of 
B. inermis with published maps of closely related genera 
will not be attempted in this paper. However, attention 
should be drawn to the equivocal arrangement of two 
large KpnI fragments mapped in wheat (Ogihara and 
Tsunewaki 1988) and rye (Murai et al. 1989). These two 
KpnI maps appear to be incorrect. The KpnI map of 
B. inermis (Fig. 4) indicates the correct order of the 8.3- 
kbp and 10.0-kbp fragments. The studies of Ogihara and 
Tsunewaki (1988) and Murai et al. (1989) placed these 
fragments in the reverse order. This author's unpublished 
KpnI maps of wheat and rye as well as those of Rob 
Soreng (personal communication) suggest that the ar- 
rangement of the 8.3-kbp and 10.0-kbp fragments are 
identical in B. inermis, wheat and rye. 

Chloroplast DNA restriction site maps using six re- 
striction endonucleases were recently published for 
B. tectorum (Kellogg 1992). The B. tectorum study in- 
cluded maps for four of the enzymes used to map 
B. inermis. However, it is not possible to make a mean- 
ingful comparison between most of the restriction maps 
of the two species of Bromus since there are large gaps, 
indicating unmapped areas, in the mapping studies in- 
volving B. tectorum. 

An interesting observation is made when portions of 
the PstI and SalI maps of B. inermis are compared with 
those of Triticum/Aegilops. Ogihara and Tsunewaki 
(1982) mapped changes that have occurred in the chloro- 
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plast genomes of Triticum/Aegilops. Their study suggests 
that the M u chloroplast genome differed from the stan- 
dard type by having a smaller P10 and a larger $7 frag- 
ment. The smaller P10 (4.7 kbp) fragment was the result 
of a 0.5-kbp deletion in the standard P10 (5.2 kbp) frag- 
ment. The larger $7 fragment was the result of a base- 
pair change in the recognition site between fragment $7 
(6.1 kbp) and $9 (1.2kbp) (Ogihara and Tsunewaki 
1982). Since the larger $7 fragment observed by Ogihara 
and Tsunewaki (1982) was only 7.1 kbp, the authors pro- 
posed that a deletion of 0.2 kbp had occurred between 
fragments $7 and $9. The changes characteristic of the 
M" chloroplast genome were present only in Aegilops 
uniaristata. In a later study, Ogihara and Tsunewaki 
(1988) reported the presence of the 0.2-kbp deletion be- 
tween $7 and $9 in Ae. comosa and Ae. heldreichii. Sim- 
ilar restriction site changes are present in this region 
(Fig. 4, Region A) of the chloroplast genome of 
B. inermis. For example, there is a PstI  restriction site 
0.6 kbp from the 1.4-kbp fragment in B. inermis. Fur- 
thermore, no Pl0  (5.2kbp) fragment is found in 
B. inermis as is found in wheat; instead, a larger 19.6-kbp 
fragment is located in this position (Fig. 4). The 19.6-kbp 
sequence is approximately equal to the sum of two adja- 
cent fragments, Pl0  (5.2 kbp) and P3 (14.5 kbp), found in 
the wheat chloroplast genome and is most likely the re- 
sult of a restriction site loss between the two fragments. 
The SalI map of B. inermis (Fig. 4, Region A) differs 
from the standard SalI map of wheat by lacking the $9 
(1.2 kbp) fragment. A base-pair change in the recogni- 
tion site similar to that found in species of Aegilops is a 
probable reason for this event. However, there is no dele- 
tion in B. inermis. Instead, a larger fragment of 7.4 kbp, 
equal to P9 (1.2 kbp) and P7 (6.2 kbp), is found in this 
position. The taxonomic implications of these parallel 
changes between B. inermis and Aegilops and further de- 
tails on the structure and evolution of chloroplast 
genomes in Bromus, wheat, barley, rye and oats is in 
preparation. 

The physical map of the chloroplast genome of 
B. inermis has the same general structural form as those 
of  most of  the higher plants and is very similar in se- 
quence arrangement to those of other members of the 
Pooideae. The conservative nature of the chloroplast ge- 
home in terms of overall size, organization and sequence 
makes it a powerful tool to address questions of a phylo- 
genetic nature. 
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