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ABSTRACT

We show here that mitochondrial-specific ribosomal and transfer RNAs
of wheat (Triticum vulgare Vill. [Triticum aestivum L.] var. Thatcher) are
encoded by the mitochondrial DNA (mtDNA). Individual wheat mitochondrial
rRNA species (26S, 18S, 55) each hybridized with several mtDNA fragments in a
particular restriction digest (Eeco RI, Xho I, or Sal 1). In each case, the
DNA fragments to which 18S and 5S rRNAs hybridized were the same, but diffe-
rent from those to which 26S rRNA hybridized. From these results, we conclude
that the structural genes for wheat mitochondrial 18S and 5S rRNAs are
closely linked, but are physically distant from the genes for wheat mito-
chondrial 26S rRNA. This arrangement of rRNA genes is clearly different from
that in prokaryotes and chloroplasts, where 23S, 16S and 55 rRNA genes are
closely linked, even though wheat mitochondrial 18S rRNA has previously been
shown to be prokaryotic in nature. The mixed population of wheat mitochon-
drial 4S RNAs (tRNAs) hybridized with many large restriction fragments,
indicating that the tRNA genes are broadly distributed throughout the mito-
chondrial genome, with some apparent clustering in regions containing 18S and
5S rRNA genes.

INTRODUCTION

Mitochondria contain distinctive species of ribosomal and transfer RNA
which form part of an organelle-specific translation system [1,2]. In all
systems examined to date, the rRNAs and most of the tRNAs are coded for by
mitochondrial-specific DNA (mtDNA) [3-5]. In a number of recent studies,
DNA/RNA hybridization techniques have been used to locate genes for ribosomal
and transfer RNAs on physical maps of the mitochondrial genome. Such studies
have revealed strikingly different patterns of organization of ribosomal and
transfer RNA genes in different mtDNAs. In Newrospora, for example, there is
clustering of genes for rRNAs and tRNAs in a segment representing about 27% of
the mtDNA, with the genes for the large and small subunit rRNAs located about
5 kilobase pairs (kbp) apart [6-8]. In yeast, there is also pronounced
clustering of tRNA genes, but in this case the rRNA genes are much farther
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(about 25 kbp) apart [9]. In contrast, rRNA genes are adjacent in animal
mtDNA, while tRNA genes are scattered throughout the genome [10-12]. The
significance of these varying patterns with respect to the evolution and ex-
pression of mtDNA is not yet known.

As in other eukaryotic systems, the mitochondria of higher plants contain
species of tRNA [13-17] and high-molecular-weight rRNA [18-23] which can be
distinguished by several criteria from their counterparts in the cytosol. A
distinct 55 rRNA has also been identified in plant mitochondria [21,24].
Although it has been assumed that these plant mitochondrial RNAs are encoded
by the organelle DNA, this has not yet been formally demonstrated, nor have
there been any attempts to probe the organization of plant mitochondrial ribo-
somal and transfer RNA genes. As part of a systematic investigation of the
organization and expression of the mitochondrial genome of wheat, we have used
restriction endonuclease analysis coupled with DNA/RNA hybridization experi-
ments in order to explore the genetic origin of wheat mitochondrial rRNAs
(26S, 18S, and 55) and tRNAs. Our results provide the first direct evidence
that plant mitochondrial rRNAs and tRNAs are indeed transcribed from the
mtDNA. Our data also suggest a novel arrangement of rRNA genes in plant mtDNA.

EXPERIMENTAL

(a) Isolation of Mitochondrial and Nuclear Fractions

Purified mitochondria were prepared from viable wheat embryos [25,26]
(germinated in the dark, usually for 24 hr) by a modification of the method of
‘ Cunningham and Gray [22]. To minimize cytosol RNA contamination, a Mg2*-free
medium (0.44 M sucrose - 50 mM Tris-HC1 (pH 8.0) - 3 mM EDTA - 1 mM 2-
mercaptoethanol - 0.1% bovine serum albumin (fatty acid-free)) was used for
the initial homogenization and in all subsequent differential and density
gradient centrifugation steps. To reduce contamination by nuclear DNA (nDNA),
additional low-speed centrifugations (1000-2000 x g, 6 min) of the initial
filtered homogenate and the resuspended crude mitochondrial pellet were carried
out. After centrifugation in discontinuous sucrose gradients (1.15 M, 1.30 M,
1.45 M steps), mitochondria were removed from the 1.30 M - 1.45 M interface,
slowly diluted with 2 vol. homogenizing medium (lacking bovine serum albumin
and mercaptoethanol), and recovered (18,000 x g, 20 min).

To prepare a nuclear fraction, germinating wheat embryos were homogenized
as above, the brei squeezed through cheesecloth, and the filtrate passed through
a layer of Miracloth (Calbiochem) and centrifuged (1000 x g, 6 min). The re-
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sulting pellet was washed twice by resuspension in homogenizing medium followed
by low-speed centrifugation.

(b) Isolation of Mitochondrial and Cytosol RNA

Purified mitochondria were lysed with Triton X-100, the lysate centri-
fuged, and RNA isolated from the supernatant by phenol extraction [27] below
5°, as described by Leaver and Harmey [24]. The final aqueous phase was saved
and the phenol phases were then re-extracted in the same sequence with 0.1 M
Tris-HC1 (pH 9). Total mitochondrial RNA was precipitated from the final,
combined aqueous phases with 2 vol. ethanol.

To prepare 26S and 185 rRNAs, mitochondrial ribosomes were first iso-
lated by making the clarified Triton lysate 0.3% in Brij 58 and centrifuging
(50Ti rotor, 45,000 rpm, 90 min). The pellet was resuspended in 300 mM KC1 -
3 mM MgCl, - 10 mM Tris-HC1 (pH 7.5) [18], clarified (27,000 x g, 10 min), and
the resulting supernatant layered over sucrose density gradients [28] con-
taining the same buffer. After centrifugation (SW 25.1 rotor, 20,000 rpm, 16
hr), the gradients were fractionated and RNA isolated from the well-separated
ribosomal subunit peaks by cold phenol extraction. The RNAs were then further
purified by electrophoresis in 2.4% polyacrylamide gels in the cold (4°), as
described by Leaver [29]; the bands corresponding to the intact 26S and 18S
rRNAs were located by ultraviolet shadowing [30] and recovered by electro-
phoretic elution.

To prepare 5S and 4S RNAs, total mitochondrial RNA in aqueous solution
was made 1 M in NaCl and held at 0° for 18 hr. After removal of precipitated
high-molecular-weight rRNA by centrifugation, the NaCl-soluble fraction was
recovered by ethanol precipitation and electrophoresed in 10% polyacrylamide
gels; the 5S and 4S bands were located [30] and recovered.

Total cytosol RNA was prepared by cold phenol extraction of the upper
2/3 of the initial post-mitochondrial supernatant of a centrifuged wheat
embryo homogenate, as described above for total mitochondrial RNA.

(c) Isolation of Mitochondrial and Nuclear DNA

When mitochondrial fractions were to be used for the preparation of
mtDNA, residual nDNA was eliminated by DNase treatment [31] of the crude,
washed mitochondrial pellet, just prior to sucrose density gradient centrifu-
gation. The procedure of Kolodner and Tewari [31] was used to isolate DNA
from purified mitochondrial and nuclear fractions. After recovery from CsCl-
ethidium bromide density gradients, DNA preparations were freed of dye and
salt by passage through Sephadex G-25 and were recovered by ethanol precipita-
tion. In analytical CsCl gradients, wheat mtDNA and nDNA gave unimodal bands
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with buoyant densities (relative to 1.731 g cm=3 for marker M. luteus DNA) of
1.705 and 1.701 g cm=3, respectively, in agreement with Titerature values [32,33].

(d) Labeling of RNA with 32p in vitro

(i) 5' End-Labeling [34,35]

Purified RNAs (5 ug in 10 ul H,0) were partially hydrolyzed by incuba-
tion with 10 u1 100 mM Tris-HC1 (pH 9.5) at 85° (4S and 5S) or 95° (26S and
18S) for 5 min. After this, 60 ul 10 mM Tris-HC1 (pH 7.4) - 1 mM spermidine -
0.1 mM EDTA were added and the mixture heated to 50° for 3 min. Then, to
label 5' ends, the following were added: 100 pmoles [y-32P]ATP, prepared as
described by Walseth and Johnson [36], to a specific activity > 5000 Ci/mmole;
10 w1 0.5 M Tris-HC1 (pH 9.5) - 0.1 M MgC1, - 0.05 M dithiothreitol; and
several units of T4 polynucleotide kinase (Boehringer Mannheim), for a final
volume of 100 u1. This mixture was incubated at 37° for 30 min, and the
reaction then stopped by the addition of 200 u1 2 M ammonium acetate, 50 ug
carrier RNA, and 750 u1 ethanol. Repeated ethanol precipitations at -70°
removed unreacted [y-32PJATP until approximately 75% of the radioactivity was
insoluble in 5% trichloroacetic acid. The specific activity of the 5' end-
labeled RNA was > 10 cpm/ug.

(ii) 3' End-Labeling

Mitochondrial 5S rRNA was also 3' end-labeled by reaction with T4 RNA
ligase (P-L Biochemicals) and [5'-32P]pCp (prepared as in ref. 36), as des-
cribed by Peattie [37]. After several ethanol precipitations, the labeled RNA
was lyophilized, dissolved in buffer, heated at 50° for 3 min, and then elec-
trophoresed under denaturing conditions in a 10% polyacrylamide gel [37].
Intact 55 [32PJRNA was recovered by electrophoretic elution.

(e) Hydrolysis of DNA by Restriction Endonucleases and Separation of
Fragments

Samples of DNA (3 ug) were digested to completion at 37° with Eco RI
(Miles Laboratories), xho 1, Sal I, Xba I, Msp I, Hinc 11 (New England Bio-
labs), or Hpa 11 (Bethesda Research Laboratories), using conditions specified
by the suppliers. The resulting DNA fragments were separated in horizontal
slab gels of 1% agarose containing 50 mM Tris-HC1 (pH 8.0) - 2 mM EDTA - 20 mM
CH3COONa - 18 mM NaCl. The DNA bands were visualized by staining the gels
with ethidium bromide (1 ug/ml) and photographing under ultraviolet light.

(f) DNA/RNA Hybridization
After denaturation, the DNA fragments were transferred from the gel to
nitrocellulose filters (Millipore, HAWP) using the standard Southern procedure
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[38], modified to allow overnight elution from slab gels. Filters were rinsed,
dried, and baked under vacuum at 80° for 2 hr. For hybridization experiments,
DNA filters were incubated (18-22 hr, 42°) with [32PJRNA in 0.6 M NaCl - 0.06 M
sodium citrate (= 4 x SSC)/100% deionized formamide (1/1, v/v) in heat-sealed
polyethylene bags. About 40-400 ng [32P]RNA in 0.3-0.6 ml hybridization medium
was used for each filter strip containing 3 ug fragmented DNA. Filters were
washed once in the hybridization medium at 42°, twice in 4 x SSC at 42°, and
twice in 4 x SSC at room temperature, before being dried and subjected to
autoradiography using Kodak X-Omat R film and intensifying screens at -70° [39].

RESULTS AND DISCUSSION

(a) Restriction Patterns of Wheat Mitochondrial DNA are Unexpectedly Complex
When purified wheat mtDNA was hydrolyzed with the restriction endo-
nucleases Eco RI, Xho I, or Sal I, a discrete and reproducible fragment pattern

was generated by each enzyme (Fig. 1A). These restriction patterns were

invariant for different preparations of mtDNA, were not altered by increasing
enzyme concentration and/or digestion time, and were the same whether the
mtDNA was isolated from dormant or germinating (24-72 hr) embryos. In con-
trast, and as expected from its much greater complexity, wheat nDNA had an
Eco RI restriction pattern composed of a continuous rather than discrete
spectrum of DNA fragments (Fig. 1A), although some distinct bands were detect-
able among the products. As discussed elsewhere (L. Bonen and M.W. Gray, in
preparation), wheat nDNA appears to be highly resistant to digestion with
either Xho I or Sal I.

Compared to the restriction patterns of chloroplast and other mito-
chondrial DNAs, the restriction patterns of higher plant mtDNA appear to be
unexpectedly complex [40,41]. In this regard, our results with wheat mtDNA
confirm the previous observations of Quetier and Vedel [40]. Not only is
there a large number of bands (ranging from about 30 to more than 50, depend-
ing on the enzyme), but some of the bands are clearly present in fractional
amounts, whereas others appear to be multiples. This complexity is most
readily seen in densitometer tracings of the gel patterns (Fig. 2). Dis-
regarding possible multiplicities of some bands, the sum of the estimated
molecular weights of the DNA fragments in our restriction digests ranged from
about 160 x 108 (Eco RI) to as much as 230 x 106 (xko I), although these
estimates are complicated by considerable uncertainty in the calculated
molecular weights of the larger DNA fragments (see Table 1).
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Figure 1. (A), Ultraviolet photograpn showing the resolution of restriction
endonuclease hydrolysis products of wheat mtDNA and nDNA, after electrophor-
esis in a 1% agarose gel. DNA fragments were visualized by staining with
ethidium bromide and were then transferred to nitrocellulose filters. E, Eco
RI, X, Xho 1I; S, Sal I. (B), Autoradiogram of nitrocellulose-bound restric-
tion fragments after hybridization with 32p_1abeled wheat mitochondrial total
RNA. (C), Autoradiogram of nitrocellulose-bound restriction fragments after
hybridization with 32p_1abeled wheat cytosol total RNA.

Studies of plant mtDNA have so far provided no uniform picture of the
size of the mitochondrial genome in different higher plants [ef. 41].
However, the minimum molecular weight estimates obtained from analysis of
restriction digests are appreciably higher than the maximm values based on
electron microscopy (60-120 x 106; ref. 42-43) or renaturation kinetics
(70-140 x 106; ref. 43-45). Thus, the situation with plant mtDNA, where com-
plex restriction patterns may reflect a heterogeneous population of molecules
[40,41], contrasts strikingly with that of chloroplast DNA, whose simpler
restriction patterns are compatible with the presence of a homogeneous
population of molecules.

(b) Wheat Mitochondrial DNA Contains the Genes for Mitochondrial-Specific
RNAs

The total RNA populations from mitochondrial and post-mitochondrial (=
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Figure 2. Densitometer tracings illustrating the restriction patterns ob-
tained when wheat mtDNA was hydrolyzed with Eco RI (A), Xho I (B), or Sal I
(C). The negatives of the ultraviolet photographs (Fig. 1A) were scanned with
a microdensitometer (Joyce, Loebl & Co. Ltd.). Fragments which could be iden-
tified as discrete bands on positive prints (Fig. 1A or longer runs) have been
numbered individually in order of decreasing size. The direction of electro-
phoresis (arrow) corresponds to migration from top to bottom in Fig. 1A.

cytosol) fractions of wheat embryo homogenates are similar in that each con-
tains as the major species the large (26S) and small (18S) ribosomal subunit
RNAs, as well as 5S and 4S RNAs. The mitochondrial 26S and 18S rRNAs can be
distinguished from their cytosol counterparts by their modified nucleoside con-
tents [22], T, oligonucleotide fingerprints [21], and, in the case of the 18S
rRNAs, their T, oligonucleotide catalogues [23]. By the latter two criteria,
wheat mitochondrial and cytosol 5S rRNAs are also distinct species [21]. The
physicochemical properties of wheat mitochondrial 4S RNA (tRNA) have not yet
been examined in detail.

When wheat mitochondrial total [32P]RNA was annealed to separated and
immobilized restriction fragments of wheat mtDNA and nDNA, the mitochondrial
RNA was found to hybridize almost exclusively with mtDNA (Fig. 1B). About 5-6
major bands appeared on the autoradiograms for each of the enzyme digests.
Thus, as in other eukaryotes, wheat mitochondrial-specific RNAs are trans-
eribed from wheat mtDNA. In the converse experiment, wheat cytosol total
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[32P]RNA was found to hybridize with nDNA rather than mtDNA (Fig. 1c). In
this case, radioactivity was confined to one narrowly-defined region of the
autoradiograms, corresponding in the case of Eco RI digests to (a) DNA frag-
ment(s) about 10kbp in size, but at the position of non-restricted nDNA in the
case of Xho I and Sal I digests.These labeled regions contain the genes for
cytosol 26S and 185 rRNAs (unpublished results), which are detectable because
of their high copy number in the wheat nuclear genome [46].

A slight degree of hybridization of nDNA with mitochondrial [32P]RNA is
apparent in Fig. 1B, whereas Fig. 1C shows a low level of hybridization of
mtDNA with cytosol [32P]RNA. From the positions of the labeled bands, it
seems likely that this "cross hybridization" can be attributed to slight con-
tamination of the mitochondrial and cytosol RNA probes with each other. Thus,
we conclude that there is no extensive homology between wheat mitochondrial
RNA species and their cytosol counterparts. There was no evidence from these
hybridization experiments of contamination of nDNA with mtDNA, or vice versa.

(c) The Genes for Wheat Mitochondrial 26S and 18S rRNAs are Far Apart

We next examined the hybridization characteristics of the separated and
purified mitochondrial 26S and 18S rRNAs. As shown in Fig. 3, each [32P]rRNA
hybridized with several DNA fragments (ranging in molecular weight from about
1.2 x 108 to > 10 x 10%) in each restriction digest, and the resulting radio-
active bands were not of equal intensity. With shorter electrophoretic runs,
to ensure that small DNA fragments were retained on the gel, an additional
band in the xho I digest was labeled to a minor extent with 185 [32P]RNA.

Of particular interest was the observation that in each restriction
digest the 26S RNA hybridized to different DNA fragments than did the 18S RNA,
as indicated by the autoradiograms (Fig. 3) and by densitometer tracings of
these (Fig. 4). This same result was obtained in experiments using five
additional restriction endonucleases (Sma 1, Xba I, Msp 1, Hpa 11, Hinc II):
in each case, the hybridization patterns for 26S and 18S RNAs were clearly
different. Since it is highly unlikely that each of 8 different restriction
endonucleases would cleave precisely in the spacer region between closely
linked 26S and 185 rRNA genes, we conclude that the genes for wheat mito-
chondrial 265 and 185 rRNAs are far apart on the wheat mitochondrial genome.

It should be emphasized that for these experiments, it was imperative
that the 26S and 185 rRNA probes not be contaminated with each other. For
this reason, it was necessary to prepare the individual rRNAs from separated
ribosomal subunits and to further purify the isolated RNAs by polyacrylamide
gel electrophoresis. Occasionally, in spite of these precautions, careful

326



Nucleic Acids Research

- (3x93 @9s) [€X Pue 9¢X siuswde1y I oyy jo suofirsod syl 93eOTPUT (g) UT SMolle BUL

*sueadorpeioine

jo 39s yoea jo 33J9T 2yl 03 umoys aie sjudwdely YNQ Paufe3Is-aprwolq wnipryia ayl jo sydea8ojoyd 3aTorARIITN
‘(D) 1 1ps 10 ‘(4) I oyx ‘(V) I4 007 Yaim pazAToapAy yNQIw 3JedymM jo sjusudelil punoq-3asoTNTTD013TFu 03 SYNY
°¢ aan3t3

Sy Pue ‘sg ‘S8l S97 TETAPUOYD0ITW IBdYM PIT2qeT-d,. JO UOTIBZIPTIqAY 2yl 3urmoys sweiZorpeloiny

-
.
-

Sp SS S81 S92
| |PS

R

"
f

St S5 S8l S9¢Z
| oYX

TR

Sv SS S8l S92
1y ©°4
\v/

327



Nucleic Acids Research

examination of autoradiograms and densitometer tracings did reveal some
evidence of possible "cross hybridization". In view of the sensitivity of the
hybridization technique, we are inclined to attribute this occasional very weak
"cross hybridization" to trace contamination of even highly-purified 26S and
18S RNA probes with each other, rather than to the possibility that the par-
ticular "cross-labeled" DNA fragments contain unequal portions of both 26S and
18S structural genes, or that the two RNAs share some common sequences [cf. 47].
Nevertheless, we intend to confirm our conclusion by fine structure analysis

of cloned mtDNA fragments containing the rRNA genes.

A Figure 4. Densitometer tracings
Eco RI illustrating the hybridization

patterns obtained when separated
and immobilized restriction frag-
ments of wheat mtDNA were hybri-
dized with purified wheat mito-
chondrial 26S and 185 [32P]rRNAs.
(A), Eco RI; (B) Xho I; (C), Sal I.
Following autoradiography, the

268 W developed X-ray films (Fig. 3)
were scanned directly in a Joyce,
18 Loebl microdensitometer. The
- » direction of electrophoresis
(arrow) corresponds to migration
B H from top to bottom in Fig. 3.
Xho |
268
188
Cc
Sal |
268
18S
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(d) The Genes for Wheat Mitochondrial 18S and 55 rRNAs are Closely Linked

Since a distinct mitochondrial 55 RNA has so far been identified only in
higher plants [21,24], we were particularly interested in determining the
genetic origin of wheat mitochondrial 5S rRNA. For these experiments, we
found it necessary to isolate 5S RNA from the 1M NaCl-soluble fraction of
total mitochondrial RNA rather than from the large subunit of mitoribosomes,
since in the latter case the 5S RNA proved to be contaminated with fragments
of mitochondrial 26S RNA.

As shown in Fig. 3, the mitochondrial 55 RNA hybridized to mtDNA;
further, it hybridized to the same DNA fragments as 18S RNA, but not to those
fragments with which 26S RNA hybridized. The results shown in Fig. 3, ob-
tained using an intact 3' end-labeled probe, were confirmed in separate experi-
ments with 5' end-labeled 55 RNA. From this, we conclude that the genes for
wheat mitochondrial 185 and 55 RNAs are closely linked, whereas the genes for
the mitochondrial 55 and 26S RNAs are far apart. It should be noted that the
mitochondrial 5S RNA consistently hybridized to all of the DNA fragments con-
taining the genes for mitochondrial 18S RNA except bands X36 and X37 in the
Xho 1 digest (Fig. 3B, arrows). This might be explained by the presence of a
cleavage site within 18S structural genes, which would generate DNA fragments
containing that terminal portion of an 18S gene which was not physically
linked to a 5S gene.

(e) Genes for Transfer RNAs Appear to be Both Scattered and Clustered in the
Wheat Mitochondrial Genome

The mixed population of wheat mitochondrial 4S RNAs (tRNAs) hybridized
with many large DNA fragments (at least a dozen in each restriction digest)
(Fig. 4). Several additional small molecular weight DNA fragments, retained
in shorter electrophoretic runs, were also labeled. The multiplicity of
labeled bands suggests that the genes for mitochondrial tRNA are widely dis-
tributed throughout the wheat mitochondrial genome. Nevertheless, some
clustering of tRNA gemes is also indicated, since certain bands (e.g. S19 and
S21 in the Sal I digest) were much more intensely labeled than others. In
both the Eco RI and Sal I digests, fragments hybridizing with 18S RNA also
hybridized strongly with 4S RNA. However, the bulk of this latter hybridiza-
tion could not have been due to contamination of the 4S RNA probe with degra-
dation products of 18S RNA, since in the Xho I digest the 4S [32P]RNA probe
only weakly labeled the area comprising fragments X43 - X45, with which almost
all of the 18S RNA hybridization occurred. '
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(f)  An Unusual Arrangement of Ribosomal RNA Genes in the Wheat Mitochondrial
Genome

Table 1 summarizes the hybridization patterns observed for each of the
wheat mitochondrial rRNAs in the three restriction digests (Eco RI, Xho I,
Sal 1) analyzed in detail in the present study. Enumeration of DNA fragments
containing rRNA genes was based both on the data presented here and on results

Table 1 Size of mtDNA Fragments Carrying rRNA Genes

Endonuclease RNA Probe Fragment No. M.W. (x 10~6) Chain Length (kbp a

Eco RI 265 5 7.6 11.3
12 4.3 6.4
32-34 1.7-1.8 2.6
185 2 9.8 14.7
3 8.4 12.6
10 5.2 7.7
14 3.9 5.8
Xho 1 265 4 12.5 18.7
5 10.6 15.8
7 9.0 13.4
10 7.2 10.7
18s¢ 36 1.9 2.8
37, 1.7 2.6

43-45 1.1-1.2 1.7-1.8
Sal 1 265 11 7.3 10.9
14 5.2 7.8

188 5-6° 10.9-11.5 16.3-17.6
19 3.7 5.5
21 3.3 5.0

Restriction fragments to which mitochondrial 26S and 18S rRNAs hybridized are
numbered according to the densitometer tracings shown in Fig. 2. Molecular
weights were estimated from a standard curve constructed using the known
molecular weights of Eco RI restriction fragments of A DNA [59]. Due to the
extreme deviation from linearity in the curve above a molecular weight of
about 8 x 10, the estimated sizes of the largest restriction fragments
(numbers in italics) can only be considered approximate.

aAssuming one kbp corresponds to a molecular weight of 670.

bBecause several DNA fragments co-migrate in these regions, it is unclear
which one(s) are hybridizing to rRNA.

®An additional fragment (molecular weight about 0.6 x 10°, estimated by linear
extrapolation of the standard curve) was weakly labeled by 185 [32P]RNA in
short electrophoretic runs of Xho I digests.
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from longer electrophoretic runs, in which the larger DNA fragments were
better separated. Nevertheless, where a number of bands were closely spaced
(e.g. bands S5 - S8) or not separated at all (e.g. bands X43 - X45), a pre-
cise correlation between autoradiogram and stained gel could not be made; in
these cases, DNA fragments containing rRNA genes are identified tentatively.

Previous work in this laboratory [23,48] has demonstrated that wheat
mitochondrial 18S rRNA is clearly prokaryotic in nature, showing significantly
more sequence homology with prokaryotic and chloroplast 16S rRNAs than could
have been expected to arise by chance. However, the arrangement of ribosomal
genes in the wheat mitochondrial genome (18S and 5S close together but both
distant from 26S) is quite different from the arrangement in prokaryotes and
chloroplasts, where 23S and 5S genes are closely linked [49-52] and where 23S
and 16S genes, although separated by a spacer region of up to 2 kbp [e.g. 50],
are nevertheless part of the same transcriptional unit [53,54]. In animal
mitochondria, the genes for the large and small subunit rRNAs are adjacent
[10-12], but in some other mitochondrial systems, notably Newrospora [6-8],
yeast [9], and Tetrahymena [55], the genes for the large and small subunit
rRNAs are far apart [>5 kbp]. However, in none of these mitochondrial systems
has a 55 rRNA molecule been described. It is clear, therefore, that not only
is there considerable variation in the physico-chemical properties of mito-
ribosomes and their constituent RNAs [1,2], but that this variation is reflec-
ted in quite different arrangements (and presumably modes of transcription and
regulation) of rRNA genes in the different mitochondrial genomes that have
been studied to date.

The complexity of the wheat mtDNA hybridization patterns (each rRNA
hybridizing with several DNA fragments in each restriction digest) may have
its origin in one or more of the following:

(1) Physical heterogeneity in the mtDNA population, as postulated by Quetier
and Vedel [40] to explain the complex restriction patterns of plant mtDNA.
Different physical arrangements of the same gene within different mtDNA
molecules could give rise to a variety of restriction fragments containing a
particular rRNA coding sequence. The relative proportions of these fragments
would reflect the relative proportions, in the total population, of the mtDNA
molecules containing them. Our finding of a multiplicity of bands, labeled
unequally by a given [32P]rRNA probe in each restriction digest of wheat mtDNA,
is consistent with this model.

(2)  Heterogemeity of methylation at potential restriction sites [40]. If
the same restriction site were either methylated or non-methylated in differ-
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ent (but otherwise physically homogeneous) mtDNA molecules, failure of a
restriction endonuclease to cleave the methylated site could generate some of
the larger mtDNA fragments which contain rRNA genes. Such partial cleavage
would be consistent with the complexity of both the restriction and hybridiza-
tion patterns. As documented elsewhere (L. Bonen and M.W. Gray, in prepara-
tion), this possibility seems less likely as a result of experiments using the
isoschizomers Hpa II and Msp I, which can distinguish whether or not the same
restriction site is methylated.

(3) Multiple copies of each of the rRNA structural gemes. If each gene copy
had different flanking sequences, then such multiple units might be found in
different fragments after cleavage of the mtDNA with a given restriction endo-
nuclease. The gene frequency for each of the wheat mitochondrial rRNAs is not
yet known, since the interpretation of quantitative hybridization experiments
is 1imited by lack of agreement concerning the genome size of plant mtDNA
[41]. In other mitochondrial systems, only a single copy of each rRNA gene

is present per genome equivalent [3,4], although Tetrahymena mtDNA does con-
tain two copies (in an inverted repeat arrangement) of the gene for the large
subunit rRNA [55]. Chloroplast DNA, which is similar in size and complexity
to plant mtDNA, contains two or three complete sets of rRNA genes; these are
either in inverted [50-52] or tandem [56] repeats within the DNA, so that the
multiple rRNA genes may end up in multiple copies of the same DNA fragment(s)
after restriction endonuclease cleavage, rather than in different fragments.

(4) Cleavage within rRNA structural gemes. This is difficult to reconcile
with the observation that in certain of the digests, several very large
restriction fragments were labeled by a given [32P]rRNA species. This was
the case, for example, in the Xho I digest probed with mitochondrial 26S rRNA
(Fig. 3B), where there were four labeled fragments 10-15 times the size of an
rRNA structural gene--each fragment approaching or even exceeding the size of
the entire animal mitochondrial genome! Admittedly, the presence of long
intervening sequences within rRNA structural genes [6-8,57] might be expected
to increase the probability of a gene being distributed between two or more
restriction fragments, as, for example, in the case of the ovalbumin gene
[58]. However, the possibility of internal cleavage is not compatible with
the fact that both 18S and 55 rRNAs hybridized to all of the same fragments in
Eco RI and Sal I digests of wheat mtDNA (Fig. 3A and 3C).

In the absence of a physical map of wheat mtDNA (and a unique map may
be impossible to construct, if the mtDNA population is indeed heterogeneous),

332



Nucleic Acids Research

more detailed analysis of the wheat mitochondrial genome will have to rely
heavily on fine structure mapping of the individual restriction fragments, and
determination of relationships among fragments in different restriction
digests. Towards this end, we are undertaking the cloning and nucleotide
sequence analysis of restriction fragments containing the genes for wheat
mitochondrial rRNAs and tRNAs.
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