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Abstract Thedistribution of structural alterations of the
chloroplast genome found in grass chloroplast (cp) DNA
in comparison with that of tobacco was systematically sur-
veyed inthe cpDNAs of monocots. Southern hybridization
and/or PCR analyses for the detection of (1) three inver-
sionsin the large single-copy region, (2) loss of an intron
in the rpoC1 gene, (3) an extra-sequence insertion in the
rpoC2 gene, (4) the deletion of ORF2280, (5) rearrange-
ments of the accD (ORF512) gene, and (6) non-reciprocal
translocation of the rpl23 gene, were carried out on
cpDNAs isolated from 58 species, 22 families, and 11 or-
ders, which covered almost all familiesof monocots. These
structural alterations of cpDNA mostly occurred at the
family level. However, only part of the Restionaceae pos-
sessed the inversion that characterizesthe lineage of grass
differentiation. The order of mutational eventsmadeit pos-
sibleto reconstruct grass phylogeny in monocots. Since no
variations in structural alterations of the cpDNA were
found among the Poaceae, grass plants were inferred to
have originated from an ancestor harboring these structu-
ral aterations of the chloroplast genome. These phyloge-
netic relationshi ps were supported by the sequence data of
rbcL.

Key words Rearrangements of the chloroplast genome -
rbcL sequence - Phylogenetic relationships -
Origin of grasses

Introduction

Although the basic genomic structure of cpDNASs is con-
served in most higher plants, some structural alterations of
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cpDNAshave been found in comparison with the structure
of cpDNAsin related plants. From comparative studies of
the entire cpDNA sequences of rice (Poaceae) (Hiratsuka
et al. 1989) with those of tobacco (Solanaceae) (Shinozaki
et al. 1986), six kinds of structural alterations of the chlo-
roplast genome have been identified in grass cpDNAS.
Thesealterationsareasfollows: (1) threeinversions(Howe
et al. 1988; Hiratsuka et al. 1989) in the large single-copy
region, (2) loss of an intron in the rpoC1 gene, (3) inser-
tion of an additional sequence in the rpoC2 gene (Igloi
et al. 1990; Shimada et al. 1990), (4) deletion of ORFsin
the inverted repeat region (Downie and Palmer 1992), (5)
rearrangementsof theaccD gene (Ogiharaet al. 1992), and
(6) anon-reciprocal translocation of therpl23 geneto are-
giondownstream fromrbcL (Bowman et al. 1988; Ogihara
et al. 1988). With the limited exception of structural
changes, the gene order of tobacco cpDNA isregarded as
the standard among angiosperms, since most of them pos-
sess a tobacco-type cpDNA (Palmer et al. 1988). Structu-
ral alterations of the chloroplast genome thus seem to have
occurred only in certain plant lineages. Accordingly, trac-
ing of the mutational events enable usto reconstruct plant
phylogeny (Downie and Palmer 1992).

Previously, we (Katayama and Ogihara 1993) reported
that structural alterations of cpDNA are restricted to
grasses. But, because only a limited number of monocot
and grass species were used, it is still unclear why only
grass cpDNAS possess these structural aterations, and in
which step of differentiation these mutational events oc-
curred. In the present study, the structural rearrangements
of the chloroplast genome found in grasses was systemat-
ically surveyed in monocots. The cpDNAS of 58 species,
22 families (covering almost all monocot families), and 11
orders were examined.

The recent accumulation of DNA sequence data for
chloroplast genes such asrbcL (the gene for the large sub-
unit of ribulose 1,5-bisphosphate carboxylase) makes it
possible to deduce the phylogenetic relationships among
divergent plants and provides a powerful tool for plant
taxonomy (Clegg 1993). The DNA sequencing of rbcL
was also carried out to infer the genetic relatedness of



rearranged chloroplast genomes in monocots (Duvall
et al. 1993). Additionally we conducted DNA sequenc-
ing around the intervening sequences of the rpoC1 and
rpoC2 genes in plants related to the Poaceae, to illustrate
the mutational events of intron loss/gain in monocot
CpDNAsS.

Materials and methods

Plant materials. Monocotyledonous plants of 58 species (including
30 species of the Poaceae), 22 families, and 11 orders (see Table 1),
which cover almost all families of monocots (Dahlgren et al. 1985),
were used for the present investigation. Two dicot plants, tobacco
and water lily, were examined as controls.

DNA extraction. Total DNAs were extracted from green leaves ac-
cording to the cetyltrimethylammonium bromide (CTAB) method
described by Murray and Thompson (1980). Extracted DNAs were
employed for Southern hybridization and/or polymerase chain reac-
tion (PCR) analyses.

DNA probes and Southern hybridization. Specific probes for
ORF2280, accD, and the rpl23 genes were constructed by the poly-
merase chain reaction (PCR) method (ORF2280) or by digestion of
the cloneswith the appropriate restriction enzymes (accD and rpl 23),
as described earlier (Ogiharaet a. 1992). For PCR, oligonucleotide
primers were synthesized according to the published sequences
(ORF2280, TATTGATATGAAGATTGCCG and TGAAACCTTGG-
CATATATCT; Shinozaki et al. 1986) so asto produce specific probes
(Katayama and Ogihara 1993).

PCR analysis for the detection of structural alterations. PCR was
applied for the detection of three inversions and to check for theloss
and gain of the intervening sequence in rpoC1 and rpoC2, respec-
tively. Oligonucleotide primers complementary to the conserved se-
guences (mostly tRNA genes) flanking the end points of regionsin-
volved in each of the three inversions (Shinozaki et al. 1986; Hirat-
sukaet al. 1989) and exon sequences of rpoC1 and rpoC2 near junc-
tions to the insertional mutations (Igloi et a. 1990; Shimada et al.
1990) were synthesized. The oligonucleotides used for the detection
of the three inversions were the same as those reported by Doyle
et al. (1992). For the amplification of target sequences, PCR wascar-
ried out under the conditions previously reported (K atayamaand Og-
ihara 1993). PCR products containing junctions of the rpoC1 exon-
intron and the rpoC2 exon-insertional sequence were cloned into the
pT7 vector (Marchuk et al. 1990), and sequencing was done by the
dideoxy method (Sanger et al. 1977).

DNA sequencing of the rbcL gene. A part of therbcL gene (1232 nu-
cleotides) from five monocots, Allium cepa, Tradescantia ohien-
sisxT. poludosa, Juncus effusus, Cyperus alternifolius, and Restio
tetraphyllus was amplified by PCR under the conditions previously
described (Katayama and Ogihara 1993). The resultant PCR prod-
ucts were cloned into the pT7 vector (Marchuk et al. 1990), and se-
quenced by the dideoxy method (Sanger et al. 1977). Sequence data
of rbcL from the other 17 monocots and two dicots were cited from
GenBank (Chase et al. 1993). The phylogenetic tree was construct-
ed by the parsimony method (Swofford 1991).

Results

We have systematically surveyed the distribution of the
following six structural alterations of the chloroplast ge-
nome found in grasses in the monocaots.
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Three inversions

The chloroplast genomes of grasses possess three inver-
sions relative to the cpDNA gene arrangement found in
most flowering plants such as tobacco (Howe et al. 1988;
Hiratsuka et al. 1989). Amplification primers for PCR
were designed to detect each of these inversions. PCR
products responsible for the first inversion were found in
the cpDNA s of the Restionaceae, Joinvilleaceae, and Poa-
ceae, indicating that these three taxa harbor thisinversion.
It should be emphasized, however, that only one species
of Restionaceae, out of four species examined, possessed
the first inversion, thus showing polymorphism for thein-
version within thefamily (Fig. 1). The primer combination
for detection of the second inversion yielded PCR prod-
ucts only with the cpDNASs of the Joinvilleaceae and Poa-
ceae, but not with those of the Restionaceae, including the
specieswith thefirstinversion. The PCR to detect the third
inversion gave a positive signal with the cpDNAs of the
Poaceae. These results (Table 1) clearly show that some
Restionaceae species (one species in this case, but a dif-
ferent one from that of Doyle et al. 1992) possess only the
first inversion, while the Joinvilleaceae contains the first
and second inversion, and the Poaceae harborsall threein-
Versions.

Loss of theintron in the rpoC1 gene

The rpoC1 gene of tobacco, coding for the 8 subunit of
RNA polymerase, contains a 738-bp intron. This intron,
however, is deleted in the cpDNA of rice and maize (Igloi
et al. 1990; Shimada et al. 1990). The occurrence of this
intron deletion was examined in cpDNASs from 58 species
of monocots (Table 1). The existence of the intron was di-
rectly confirmed by the analysis of PCR products. DNA
fragments containing the intron were shifted to higher mo-
lecular weights than those without the intron, as shown in
Fig. 2 (only the data for R. tetraphyllus are presented in
this figure). Nucleotide sequence analysis at the exon-in-
tron junctions of the rpoC1 gene in R. tetraphyllus (Re-
stionaceae) and Joinvellea plicata (Joinvill eaceae) verified
the site of the del etion. Sequence data clearly show that the
cpDNA of the Joinvilleaceae contains the group-11 intron
(Rieger et al. 1991) at the same position as that of tobacco,
and this intron was completely deleted from the cpDNASs
of the Restionaceae and grasses (Fig. 3).

Insertional sequence into the rpoC2 gene

The rpoC2 gene, coding for the ' subunit of RNA poly-
merase of grass cpDNA, contains an extra insertional se-
guence (Igloi et al. 1990; Shimada et al. 1990). The PCR
analysis (Fig. 4) revealed that theinsertional sequencewas
only found in grass cpDNAS; whereas the cpDNAS of the
Restionaceae and Joinvilleaceae, both belonging to the
Poales, did not harbor the insertional sequence (Fig. 4).
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Fig. 1 Physical map around
thefirst inversion found in
grass cpDNA, and representa-
tive PCR amplifications with
primers diagnostic for the first
inverstion. Arrows over the
gene stand for the primers used:
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(A) primer combinations of trnS
trnSwith trnR, (B) trnG-GCC
and rpsl4, (C) trnG-UCC?® and
trnG-GCC, (D) trnR and rpsl4. 3
Numbers on each panel indicate trnG-UCC
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analyzed (see Table 1) m
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DNA sequencing at the border of the exon-insertional se-
guence confirmed the PCR analysis (Fig. 5). Thisresultin-
dicatesthat the common ancestor of grass plants must have
conferred the extra sequence. No sequence homologousto
the extrasequence could be detected inthe DNA databases
of EMBL and GenBank (1995).

Deletion of ORF2280 in IR regions

The ORF2280, whichislocated inthe IR region of tobacco
cpDNA, is so highly rearranged in grass cpDNA (Downie

| [N ]

trnR rpsi4

et al. 1994) that the sequence gives no Southern hybridiza-
tion signals under the present conditions. Since the trans-
lation product of ORF2280 is detected in the chloroplasts
of spinach, tobacco, and Oenothera (Glick and Sears
1993), the sequence is evidently active in those cpDNAs.
The probe of ORF2280 was constructed to be specific for
the internal region of the gene, a region which has no ho-
mology with the rice counterpart. Southern hybridization
patterns with this probe showed that this sequence was not
detected in the cpDNAS of the Cyperaceae, Juncaceae,
Centrolepidaceae, Restionaceae, Joinvilleaceae, and Po-
aceae (Fig. 6A and Table 1).



Table1 Distribution of structural aterationsin the cpDNAs of monocots
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Code Species® Order? Family? Structural alterationsin cpDNAS?
“v» @ 6 @ ©G ©

1 Nicotiana tabacum Solanales Solanaceae + - + + - -

2 Nymphaea spp. Ranunculales Nymphaeaceae + - + + - -

3 Sagittaria trifolia Alismatales Alismataceae + - + + - -

4 Potamogeton distinctus Najadales Potamogetonaceae + - + + - -

5 Rhapis flabelliformis Arecales Arecaceae + - + + - -

6 Colocasia antiquorum Arales Araceae + - + + - -

7 Sparganium stloniferum Typhales Sparganiaceae + - + + - -

8 Lilium elegans Liliales Liliaceae + - + + - -

9 Allium cepa Liliales Liliaceae + - + + - -
10 Iris laevigata Liliales Iridaceae + - + + - -
11 Bletilla striata Liliales Orchidaceae + - + + - -
12 Ananas comosus Bromeliales Bromeliaceae + - + + - -
13 Zingiber mioga Zingiberales Zingiberacea + - + + - -
14 Thalia dealbata Zingiberales Marantaceae + - + + - -
15 Canna generalis Zingiberales Cannaceae + - + + - -
16 Tradescantia ohiensis Commelinales Commelinaceae + - + + - -

T. poludosa

17 Eriocaulon nudicuspe Commelinales Eriocaulaceae + - + - - -
18 Juncus effusus Cyperales Juncaceae + - - - < -
19 Cyperus alternifolius Cyperales Cyperaceae + - - - - -
20 Eleocharis kuroguwai Cyperales Cyperaceae + - - - - -
21 Scirpus lacustris Cyperales Cyperaceae + - - - -° -
22 Carex ciliato-marginata Cyperales Cyperaceae + - - - € -
23 Flagellaria spp. Poales Flagellariaceae + - + - - -
24 Centrolepis sp. Poales Centrolepidaceae - - - - - -
25 Anarthria prolifera Poales Anarthriaceaea - - + - - -
26 Joinvillea plicata Poales Joinvilleaceae + - - - - 1L,
27 Restio tetraphyllus Poales Restionaceae - - - - - |
28 Elegia cuspidata Poales Restionaceaea - - - - -
29 Desmocladus castaneus Poales Restionaceaea - - - - - -
30 Lepyrodia riparia Poales Restionaceaea - - - - - |
31 Semiarundinaria fastuosa Poales Poaceae - + - - + LI
32 Sasa palmata Poales Poaceae — + - - + LI
33 Phragmites australis Poales Poaceae - + - - + LI
34 Zizania latifolia Poales Poaceae - + - - + 1L
35 Triticum aestivum Poales Poaceae - + - - + LI
36 Hordeum vulgare Poales Poaceae - + - - + LI
37 Secale cereale Poales Poaceae — + - - + LI
38 Avena sativa Poales Poaceae - + - - + LI
39 Zea mays Poales Poaceae - + - - + LI
40 Oryza sativa Poales Poaceae - + - - + LI
41 Agrostis storonifera Poales Poaceae - + - - + LI
42 Agrostis tenuis Poales Poaceae — + - - + LI
43 Phleum beltolonii Poales Poaceae - + - - + LI
44 Phleum pratense Poales Poaceae - + - - + LI
45 Dactylis glomerata Poales Poaceae - + - - + LILIT
46 Festuca arundinaceae Poales Poaceae - + - - + 1L
47 Festuca ovina Poales Poaceae — + - - + LI
48 Festuca rubura Poales Poaceae - + - - - LI
49 Lolium perenne Poales Poaceae - + - - - LI
50 Poa pratensis Poales Poaceae - + - - + LILII
51 Buchloe dactyloides Poales Poaceae - + - - + LI
52 Cynodon dactylon Poales Poaceae — + - - + LI
53 Eragrostis curvula Poales Poaceae - + - - + LI
54 Zoysia japonica Poales Poaceae - + - - + LI
55 Zoysia tenuifolia Poales Poaceae - + - - + LI
56 Eremochloa ophiuroides Poales Poaceae - + - - + LI
57 Axonopus affinis Poales Poaceae — + - - + LI
58 Paspalum notatum Poales Poaceae - + - - + LI
59 Pennisetum cladestinum Poales Poaceae - + - - + 1L
60 Senotaphrum secundatum Poales Poaceae - + - - + LI

& After Dahlgren et al. 1985
b Thesestructural alterationsareasfollows: (1) existence of anrpoC1intron, (2) an extrasequenceinrpoC2, (3) existence of afull ORF2280,
(4) existence of afull accD, (5) translocation of rpl23, and (6) inversions in the large single-copy region (l: first inversion, 11: second in-
verstion, I11: third inversion)
¢ Deletion of the rpl23 gene from the cpDNA
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Fig. 2 The gene structure of
rpoC1 and the position of syn-
thesized primers for PCR are
schematically presented in A,
and agarose-gel electrophoresis
patterns of PCR products with
cpDNA from 55 species are
shown in B. The PCR product
of the tobacco rpoC1 geneis
855 bp, and that of riceis

116 bp in this system
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Fig. 3 Structure (A) and DNA A Intron
1 1 Nicotiana
sequencing comparison (B) rpoCl gene —| isotians
around the exon-intron junc-
tions of the rpoC1 gene from \{
five cpDNAS, tobacco, Restio
tetraphyllus (Restionaceae), Deletion of Intron Restio
Joinvillea plicata (Joinvillea- £poCl gene Zea
ceae), Zea mays (Poaceae), and oryza
Oryza sativa (Poaceae)
B
Exonl P Intron (793bp)... . ... . __________
Nicotiana : TCTTAAAGAATTAGAAGGCCTAGTATA( CGATGTGTGATTTGATCGARATTCTGATTTTACAGACTCGGTG //
Restio B CCTTAAGCAATTAGAGGGCCTAGTATAg CGAT! /7
Joinvillea : CCTTAAGAAATTAGAGGGCCTAGTAT.: GCGATGTGTGATTTGATCAAAATTTGCATTTTACAGACTCGGTC 1/
Zea + CCTTAAGAARATTGGAGGGCCTAGTATATGGEGAT! //
Oryza $ CCTTAAGAAATTGGAGGGCCTAGTATATGGCGAT! _ ..
* ok d ok k khkkk hk hhkkhkkdkhkkdkd * dkk
Nicotiana H // TACCTACTTGAGCCGGATGAAAGGAAACTTTCACGTCCGATTTTGAAGGGGGGG—-AGATCCTAT
Restio : //
Joinvillea H /7 TAACTACTTAAGCCGGATGAGAGGAAACCCTCACGTCCGATTTAARGGGGGAATCCACTCCTAT
Zea : //
Oryza . 27 2 PSP
77777777 Exon2
Nicotiana -’K@ﬂRTtCTATCCCEA?TTTTCTTTTGCTAGGCCCATAACTAAAAGGC
Restio 3 ' TTCTCTTTTGGTAGGCCCATGGCTAAAAAAC
Joinvillea + AGGAACCTATCTTGATTTCTCTTTTGCTAGGCCCATAACTAAAAAGC
Zea : iTTCTCTTTTGCTAGGCCCAGCGCTAAAAAAC
Oryza ' TTCTCTTTTGCTAGGCCCAGTGCTAAAAAAC

Rearrangements of the accD gene (ORF512)

The fifth case involves rearrangements of the accD gene
(ORF512), which islocated downstream from rbcL in to-
bacco cpDNA (Ogihara et al. 1992, Morton and Clegg
1993). Approximately 90% of the tobacco accD gene is
deleted in grass cpDNA, so that no Southern hybridization
signal in grass cpDNA is detected with this probe. With
the exception of the Commelinaceae, Southern hybridiza-
tion gaveno positive signalswith the cpDNAs of the super-
order Commeliniflorae under the present conditions (Fig.
6B and Table 1). The data suggest that rearrangements of

-------- *h KkhkkAR kkkkAERKN

kkkkkk ok

the accD gene occurred in the progenitor of Eriocaulon,
and that the members of the Poales and Cyperaleswere de-
scended from this plant group.

Translocation of the rpl23 Gene

In grass cpDNA, the rpl23 gene, which was originally lo-
cated in the IR region, has been non-reciprocally translo-
cated to a region downstream from rbcL (Bowman et al.
1988; Ogiahara et al. 1988). Consequently, by choosing
appropriaterestriction enzymesthreehybridization signals



Fig. 4 The gene structure of A
rpoC2 and the position of syn-
thesized primers for PCR are
schematically presented in A,
and agarose-gel electrophoresis
patterns of PCR products with
cpDNA from 55 species are
shown in B. The PCR product
of the tobacco rpoC2 geneis
489 bp, and that of riceis

872 bp in this system

Nicotiana
Restio

A
rpoC2 gene -

Insertional seq. of rpoC2

Joinvillea

Zea
Oryza

rpoC2 gene

B Insertional seq. of rpoC2 gene Insertion (381bp)

...................

3 ———-AGAAAGAGTTCGGGCATTATTAAA

:CAGAAAAARACAGTTCAGGAATTATTAAR

:CAGAARAAACAGTTCAGGAATTATTAAA

: AGATAAAAGGGGTTCAGGAATTGTTAAATTTAGATATAG //

:AGATAAAAAGGGTTCAGGAATTGTTARATTTAGATATAG //
* Kk kkdkk kk Rk kAo L.

Nicotiana
Restio
Joinvillea
Zea

Oryza

hATGGGACTGTAGAAACGCATTCAGTCATCAA
TATGGGACCCTAGAGGAAGATTCCATCATAAA
: TATGGGACCCTAGAGGAAGATTCCATCATAAA
s // AGAAGACGAATATGGGAGCCCGGAGGAAGATTCTATCTTAAA

: // AGAGGACGAATATGGGAACCCGGAGGAAGATTCCGTCTTAAA
[ *r FAEE Ak K KE

Nicotiana
Restio
Joinvillea
Zea

Oryza

Fig. 5 Structure (A) and DNA sequencing comparison (B) around
the exon-insertion junctions of the rpoC2 gene from five cpDNAS,
Nicotiana (Solanaceae), Restio tetraphyllus (Restionaceae), Joinvil-
lea plicata (Joinvilleaceae), Zea mays (Poaceae), and Oryza sativa
(Poaceae)

can be detected in grass cpDNAs. On the other hand, only
one or two bands that correspond to the authentic rpl23
gene were detectable in the other cpDNAS. Southern hy-
bridization data show that three hybridization signalswere
evident in the cpDNAs of grasses, whereasthe cpDNAS of
the other plants gave only one or two signals (atypical hy-
bridization pattern obtained by digestion with BamHI is

rpo Cl
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presented in Fig. 6C). It is striking that in this case no hy-
bridization signal was detected in the cpDNAs of the Cy-
peraceae or Juncaceae (Fig. 6C). These results show that
intragenomic transl ocation of therpl23 gene occurred only
in grass cpDNAs and that rpl23 was rearranged in the
cpDNA of the Cyperales.

Based on the detected mutational events of cpDNAS,
the evolutionary course of grass plants in monocots was
reconstructed as shown in Fig. 7.

Phylogenetic tree inferred by rbclL sequencing

Part of the rbcL gene (1232 nucleotides) from five plant
species was sequenced, and compared with the sequences
of other monocots registered with GenBank (Chase et al.
1993). A phylogenetic tree among them was constructed
according to the PAUP method (Swofford 1991), as shown
in Fig. 8. Thistree is mostly in good agreement with that
inferred from morphological data (Dahlgren et al. 1985).
Theclosest relative to grassesisthe Joinvill eaceae, and the
Restionaceae is the next closest. Nucleotide substitution
rates were accel erated during the grass course of differen-
tiation (Fig. 8 and see Gaut et al. 1992).

Discussion

In comparison with that of tobacco (Solanaceae), we have
systematically surveyed the distribution of six structural
rearrangements of the chloroplast genomefound in grasses
(Poaceae) throughout the cpDNASs from various plantsin-
cluding 58 species, 22 families, and 11 orders (Table 1).
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Fig. 6A-D Southern hybrid-
ization analysis of cpDNAsiIn
monocots probed with OF2280
(A), accD (B), rpl23 (C), and
rbcL (D) to check for structural
alterations
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Poaceae

Inversmn (II)

Joinvilleaceae*

Restlonaceae(Z)

Insertional
seq. of rpoC2

III;

Translocated
rpl23

Flagellariaceae
Juncaceae
Cyperaceae

Deletion of
ORF2280

1 Inversion (IL Restlonaceae( l)

W Centrolepidaceae

Deletlon of

[ ORFZ80
I~ Deletion of

rpoCl1 intron

Progenitor of Poales and Cyperales

Cyperaceae, Juncaceae, Flagellariaceae,
Anarthriaceae, Centrolepidaceae,
Restionaceae, Joinvilleaceae, Poaceae

Commelinaceae

Rearrangement
of accD

Progenitor of
Commeliniflorae

Fig. 7 Reconstruction of grass phylogeny as revealed by structural
alterations of chloroplast DNA. Bars (-) indicate the occurrence and
the type of rearrangement

Additionally, part of the rbcL gene from five species was
sequenced in order to infer the phylogenetic relationships
among them.

Gene loss from the chloroplast genome in the lineage
of grass differentiation

In acomparison of the grass cpDNA sequences with those
of tobacco, losses of several genes, such as accD (Hirat-
sukaet al. 1989; Ogiharaet al. 1992) and ORF2280 (Dow-
nie and Palmer 1992), were disclosed. In addition to these
examples, we have shown that most, if not all, of therpl23
gene was deleted from the cpDNA of the Cyperaceae and
Juncaceae (Fig. 6). Interestingly, therpl23 genewas found
to have been intragenomically translocated into the hy-
pervariable region of grass cpDNA (Ogihara et al. 1988)
near the rbcL gene.

Seguences homologouswith the accD gene (previously
ORF512 in tobacco) were deleted in the cpDNAS of the
Eriocaulaceae (Commelinales) and the progenitor of the
Poales and Cyperales, as shown in Fig. 6. The accD gene
encodes prokaryotic acetyl-coA carboxylase (Holt et al.
1993). Consequently, theloss of thisgeneintroducesasen-
sitivity to the herbicides quizal ofop and sethoxydim (Ko-
nishi and Sasaki 1994), and suggests an alteration of lipid
metabolism in those plants.
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Orchidanth
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Phoenix
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Juncus
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Oxychloe
Flagellaria — Flagellariaceae
Elegia
Joinvillea = Joinvilleaceae
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Fig. 8 A phylogenetic tree of the monocots constructed from data
on the DNA sequence of the rbcL genes by the PAUP method. The
sequenced plant speciesin the present study are boxed. The other se-
guences are cited from the EMBL data bank (Chase et al. 1993)

The chloroplast genome of grasses (Poaceae) issmaller
in size (approximately 20 kb) than that of other monocaots,
which possess chloroplast DNASs similar to the standard
type having amolecular size of approximately 155 kb (Ka-
tayamaet al. 1991; Palmer 1991). Thereduction in size of
grass cpDNAs is mainly due to deletions in the inverted
repeats (Hiratsuka et a. 1989). Our Southern hybridiza-
tion data showed that the sequence of ORF2280 was not
detected in the cpDNA s of the Cyperaceae, Juncaceae, Re-
stionaceae, Joinvilleaceae, and Poaceae, indicating the de-
letion of this gene from the cpDNA (Table 1). Since the
translation product of ORF2280 is detectable in the solu-
blefraction of chloroplasts (Glick and Sears 1993), the de-
letion of the sequence suggests some unknown regulatory
system in chloroplast function. Asfor ORF2280, multiple
losses of the gene were observed to have occurred during
dicot evolution (Downie et al. 1994). Asin the case of di-
cot cpDNAs, amultiple occurrence of the loss of thisgene
was found in monocot cpDNAS; the gene was indepen-
dently deleted in the cpDNAS of the Cyperales and in the
progenitor of the Centrol epidaceae, Restionaceae, Joinvil -
leaceae, and Poaceae. Since we used the conserved region
of ORF2280 asaprobe, thedel eted position(s) of ORF2280
might differ from those found in dicots (Downie et al.
1994).

Loss of the rpoC1 intron in cpDNA

Intron loss was found in the rpoC1 gene of grasses (Igloi
et al. 1990; Shimadaet al. 1990). The dataso far available
(Table 1) clearly show that intron loss of the rpoC1 gene
occurred in the cpDNASs of the Poaceae, Restionaceae,
Arathriaceae, and Centrol epidaceae, but not in the Joinvil -
leaceae. The intervening sequence of rpoC1 reveals the
charactersof agroup-I1 intron (Rieger et al. 1991), andloss
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of the intron may be mediated by processed mRNA. From
the comparison of nucleotide sequences around the dele-
tion points of therpoC1 genes of threerelated taxa, the Re-
stionaceae, Joinvilleaceae and Poaceae, with the sequence
of tobacco, the deletion of cpDNA in the Restionaceae ap-
pears to have occurred at the same position as in grass
cpDNAs; and the cpDNA of the Joinvilleaceae harborsthe
completeintron (Fig. 3B). Althoughiitislikely that multi-
ple intron losses had occurred during the course of grass
differentiation, more experiments are required to clarify
theintron loss of therpoC1 gene, because DNA seguences
of the intron and part of the exon revealed higher homol -
ogy with tobacco than any other part of the chloroplast ge-
nome (Fig. 3B).

Reconstruction of grass phylogeny revealed by
structural alterations of cpDNA

Structural alterations of chloroplast genomes in higher
plants have been reported to have occurred at various tax-
onomic levels (e.g. Palmer 1991). Since the structure of
chloroplast DNA is conserved among diverged plants, re-
arrangements of cpDNA are considered to berelatively un-
common. The conserved structure of the genome allows us
to trace the lineage of the differentiation of plant species.
But thisrarity of genome mutationsinthe chloroplast DNA
limitsthe utility of each mutation to providing only abroad
picture of phylogenetic relationships. Combinations of
mutations and alterations in chloroplast genome structure
are needed to overcome this ambiguity, and they provide
a powerful tool for reconstructing the phylogenetic rela-
tionships of grasses and their relatives.

The present results (Table 1 and Fig. 7) also indicate
that the structural alterations of cpDNA in grasses are re-
stricted to the Poaceae, Joinvill eaceae, Restionaceae, Cen-
trolepidaceae, Anarthriaceae, Flagellariaceae, Juncaceae,
Cyperaceae, and Eriocaulaceae, all of which belong to the
superorder Commeliniflorae (Dahlgren et al. 1985). These
structural analyses of cpDNA unite grasses with the Join-
villeaceae and Restionaceae. These groups were thus sep-
arated from the Cyperal es and other members of the super-
order Commeliniflorae. It is striking that two inversion
types, namely the chloroplast genome types with the first
inversion and that with no inversion, werefound in the Re-
stionaceae (Fig. 1 and Table 1). Thus, we consider that the
progenitor of the Poaceae and Joinvilleaceae was derived
from the inversion type of the Restionaceae. These phylo-
genetic relationships constructed on the basis of structural
alterations of the cpDNA support the view that grasses are
most closely related to a predominantly Southern Hemi-
sphere group, and are consistent with cladistic studies
(Dahlgren et al. 1985; Stebbins 1987).

Since variations in the rearrangements of chloroplast
DNA structures within the Poaceae were not detected,
grasses are inferred to have differentiated from a limited
number of ancestral plants (monophyletic origin of
grasses).

Grass phylogeny inferred by the sequence data of rbcL

Phylogenetic relationships of monocots inferred by use of
the parsimony method on rbcL sequences were presented
in Fig. 8. The phylogenetic relationshipsinferred from the
rbcL sequence datawere principally consistent with those
constructed from structural rearrangements of the cpDNA:
the Poaceae was grouped with the Joinvilleaceae and Re-
stionaceae, and the Flagell ariaceae was separated from the
Joinvilleaceae, but grouped into the Poales.
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