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The advantage of having multiple copies of the genes
encoding the RNA components of the protein-synthesizing
machinery - rRNAs, 55 RNA, tRNAs - is well established
and gene dosage is especially important during rapid
growth (Long and Dawid, 1980). Thus, inclusion of rRNA
genes in the inverted repeats of organelle DNAs may
represent an adaptation for rapid growth. However, it
has yet to be established that both copies of the rRNA
geneg in the organelle are functional.

One property that inverted repeats are expected to
confer ig that of reversal of polarity of the single
copy regions located between the repeats (Adelburg and
RBerquist, 1972; Guerineau et al, 1976; XKolodner and
Tewari, 1979). This orientational or flip-flop
isomerization is believed to occur through
intramolecular recombination between aligned repeat
regions. The polaritj of the unigque regions between the
inverted repeats can be observed when restriction
analysis shows asymnetric cleavage with respect to the
inverted repeats (Gordon et al, 1931; Palmer, 198%).
The presénce of both orientations of unique regions in
equimolar proportions was confirmed for A, klebsiana by
appropriate restriction analysis. The same situation
occurs in A. ambisexualis (Hudspeth et al, 198%).

The presence of flip-flop isomers in about equimolar

~indicates that homologous recombination is taking place




on a time scale comparable to that of the cell cycle.
The fact that the axis about which flip-flop occurs is
identical to the midpoint between any two homologous
restriction sites within the repeats (Fig. 12, arrows),
also argues for the occurrence of homologous
recombination. Other mechanisms for generating
flip-flop isomers would exactly reverse an entire
wmique region only by coincidence, whereas identity of
midpoints is expected if homologous recombination is
occurring (Hudspeth et al,198%). In addition, our
species (Hudepeth et al, 1983; Shumard et al, 1936),
and studies with chloroplast DNAs (Bedbrook and
Kolodner, 1979), show that in all genomes with inverted
repeats, the repeat arms are always identical. This is
believed to be due to copy-choice correction between
the two segments leading to homogenization (Kolodner
and Tewari, 1979; Palmer, 198%). Indeed, intramolecular
nomologous recombination may be a universal feature of
DNA molecules containing inverted repeats. Several
other circular DNA molecules containing large inverted
repeats have also been analysed for the presence of
flip-flop isomers. These include the chloroplast
genomes of common bean (Palmer, 1983), soybean (Palmer
et al, 1984), the fern Osmunda (unpublished results of
Palmer cited in Palmer, 198%), and the cyanelle DNA of

Cyanophora paradoxa (Bohnert and Loffelhardt, 1982).
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Tn each case it was found that the population of DNA
molecules contains approximately equimolar amounts of
the two flip-flop isomers. Similarly, the 2 um plasmid

of Saccharomyces cerevisiae, which contains an inverted

repeat of 599 bp, exists as two flip-flop isomers
(Guerineau et al, 1976). In addition, the linear
genomes of several Herpes simplex viruses contain two
sets of inverted repeats, and all four possible
'flip—flop igomers are present in equimolar proportions
(Roizman, 1979). In the case of the S. cerevisiae 2 um
plasmid, it has been found that recombination between
the repeat regions is mediated by a specialized
site-specific recombination protein encoded by a gene
(FT,P) carried on the plasmid itself (Broach, 1982).
The Ffunctional importance of flip-flop isomerization,
if any, has not yet been determined. One suggested role

of the switching system in the 3. cerevisiae 2 um

plasmid is that interconversion may act as a genetic
switch allowing alternate transcription of flanking
genes (Broach, 1982)o Tt is possible that in
mitochondria, Flip-flop isomerization is just a
physical consequence of the presence of inverted

.

repeats in the mtDNA and has no functional significance.

€




The physical maps of the mt genomes of four
heterothallic Achlya strains have been analysed and
compared (Shumard et al, 1986). The strains include

A. ambisexualis B-87, A. ambisexualis 734,

A. heterosexualis 1-4, and A. heterosexualis 8-6
(hereafter referred to as E-87, 734, 1-4, and 8~6) .

A minimal composite map was derived Ffor those strains
by retaining only the 41 restriction sites held in
conmon by all four strains and by selecting the minimum
strain distance between any two common sites

(as determined by systematic side-~by-side comparisons
of DNA fragment lengths generated by common restriction
sites). Analysis of the DNA fragment length differences
revealed Four regions of the nt genome subject to
insertion events as compared to the minimal composite
nap. OFf these fTour regions, two occur in the large
uigue region, one in the snall unique region, and one
region is in the repeats (Fig. 28, sites joined by
arrowheads). Comparison of the A. klebsiana physical
map to those of the>heterothallic strains (Pig. 28)
indicates that insertion/deletion events appear to have
occurred in the same regions of the A. klebsiana mtDNA
as in the other Achlya strains. This would accoun®, in
part, for some of the common sites between the strains
being out of register. Side~by-side length comparisons
of common DNA fraguents would be required to determine

more precise location and actual size of any insertion/




Tigure 28. Alignment of the A. klebsiana and

A. ambisexualis B-87 restriction maps. Maps are

Solid areas Jf indicate minimun extent of inverted

repeat regions. Sites common to both A. klebsiana and

Li.]
0

H

7 are joined by vertical or near vertical lines.

[

Boxed sites on the BE-87 map indicate sites common to

terosexualis 1-4, and

B-87, A. ambigexualis 734, A. he

A. heterosexualis 8-6. Sites unique to one of,

2.

or common to two or three of B-87, 734, 8«6, and 1-4,
are indicated above the B-87 map. Sites on the E-87 map

o

joined by arrowheads indicate regions of insertion/
deletion events. Regionsg that hybridized to specific
gene probes are indicated on both maps: I, IT, ITL, are
cytochrome ¢ oxidase suvbunits I, II, and III; 6 and 9
are ATPase subunits 6 and 9; cyt b is apocytochrome Dbj;
var] is mito-ribosomal protein varil; S and L are snall
and large rRNAs; 5' and 3' indicate the respective
termini of the rRNA genes. Cloned fragments of

A, klebsiana mtDNA are indicated by pMAKS (BclI4) and

%, BstBII; W, Hpal; K, Kpnl; T, Sall; M, Banfl; P, Potl;

R, hcoRTs 3, SstI; T, SstIl; V, Pvull; X, Xhol.
Restriction and gene mapping for ®-87, 734, 8~6, and

1-4, from Hudspeth et al, 198%, and Shumard et al, 1986,
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deletion event between the A. klebgiana and the
heterothallic strains' genomes. In one case, however,
that of bthe insertion in the repeat region of 734, 1-4,
and 8-6 relative to E-87, coaparison of the E-87 and

£

A. klebsiana maps reveals the presence of

a relatively

large insertion in the A. klebsiana mtDNA. This region

is defined by the common BamHI site and the common

BglIT site (proximal to the large unique region) in the
repeats of the two genomes (between 29.0-3%2.5 m.u. and
79.6-8%.2 m.u. in the A. klebsiana map shown in

Pig. 12). This region is internal to fragment SstI5 of
B-87 and fraguent SstI4 of A. klebsiana and a detalled
size comparison of this region is shown in Fig 29.

The BamHI/BglII distance is 1.09 kb in E-87 but 1.8 kb

in A. klebsiana. Thus the data would indicate a O.71 kb

ingertion in this region of the A. klebsiana mtDNA
relative to E-87. This would be in the range of
insertion sizes (0.62-0.86 kb) detected in the
analogous regions of the 734, 1-4 and 8-6 mtDNAs.

However, a 0.71 kb insertion would account for too much

of the DNA fragment length variation in this region

SstI4 of A. klebsiana is only 0.40 kb. It can be seen

from Fig 29 that the additional 0.%1 kb is due to a
difference in the BglII-SstI distance between the two
maps (1.21 kb in B-87, but only 0.9 kb in A. klebsiana).

As no insertion/deletion events were detected in this




Figure 29. Length comparison between A. ambisexualis

B-37 mtDNA fragment SstI5 and A. klebsiana mtDNA
fragment Sstl4. Distances (kb) between restriction
sltes are shown. Restriction sites: B, BglII; M, BamHI;

I N~ A

3, 3stl. Restriction data for E-87 fragment Sstl5 from

Hudspeth et al, 1983,
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region in any of the heterothallic strains, it is
likely that this 0.31 kb difference is due to mapping
inaccuracies between E-87 and A. klebsiana. In addition,
there are two other BglII sites in this reglon of the
A.klebsiana mt genome, either of which could be the
common site shared with ®-87. However one would then
have to postulate an insertion/deletion event between
(proximal to the large unique region) and as noted
above, none has been shown to occur in any of the
heterothallic strains. Thus the most likely
interpretation is thét an insertion of approximately

0.4~0.7 kb hasg ocecurred in the repeat region of the

A. klebsiana mt genome (29.0-32.5 m.u. and 79.6-8%.2

m.u , Fig. 12) relative to the analogous region in the
mt genome of E-87, similar to the insertions in mtDNAs
of the heterothallic strains 7354, 1-4, and 8-6.

The colinearity of the Achlya mtDNAs (Fig. 28)
allows the study of divergence among bthelr genomes by
using equations that relate the mumber of shared
restriction sites to sequence divergence (Brown et al,
19793 WNei and TLi, 1979). Only restriction enzymes whose

sites were mapped in all five Achlya strains are used

recognize specific hexanucleotide sequences and thus

the analysis is linited to the gain or loss of sites

whose recognition sequences require gix nucleotides.




the additional one nucleotide in its heptanucleotide
recognition sequence (5'-GGTNACC-%3'; N can be any one
of ¢, A, T, or C) is completely degenerate. Analysis of
the four heterothallic strains, whether based on
pairwise comparisons or comparison of total site
variations involving all four strains, clearly
indicated the relative conservation of the repeat

A4

sequences (Shusard et al, 1936). The results indicated
an overall sequence divergence of 6-7%. A detailed
analysis of regions within the genome, however,
revealed that divergence within the repeat was about
one-third of that in single copy sequence and further
that divergence within rRNA genes was one-fifth of that
in non-ribosomal repeat sequences. This indicates that
repeat sequence conservation may be due to the encoding
of rRNA genes., To see whether this pattern was retained
in a more distant relationship, similar calculations
were performed in a comparison between A. klebsiana,

a homothallic species, and F-87, which i1s heterothallic.

A

The alignment shown in Fig 28 was used for the
calculations (sites shared by_él_ﬁlgb§i§22 and BE-87 are
joined by vertical or near vertical lines). Since the
two repeat arms are identical most of the divergence

values are derived from the total genome less one

inverted repeat arm (Table 7). As seen in Table 7,

“the A. klebsiana and E-87 mTtDNAs differ by an average
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of 12.5% in overall nucleotide sequence divergence.

When only one arm of the inverted repeat is included
the divergence increases to 13.6%. Comparison of
genomic regions reveals that the inverted repeats are
more conservative than single copy sequences. Repeat
regiong have diverged by 10.0% while single copy

sequences have done so by 16.3%

, a 1.6 fold difference
(Table 7). FPurther, there is a 2.5 fold difference
between repeat rDNA (7.4% divergence) and repeat
non-rDNA (18.3% divergence) sequences (Table 7).

Thus +the data appear to support the conclusion that the
repeat sequence conservation in Achlya is due to the
encoding of TRVA genes and that this phenomenon applies
over Talirly large evolutionary distances. Exclusion of
the rDNA from the calculations significantly increases
the sequence divergence values between the renaining
85% (in sequence complexity) of the genome. Without
rRNA genes, overall divergence rises from 1%5.6% to

16 .6%. However, the paucity of restriction sites in the
repeat non-rDNA region limits the strength of the
conclusioh concerning the involvement of rRNA genes in
repeat conservation. Nevertheless, base substitutions
in Achlya are non-random, the inverted repeat evolving
more slowly than the single copy DNA. Similar
conclusions were reached in a study of legume

chloroplast genomes (Palmer et al, 1983),
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Table 7. Analysis of sequence divergence between A. klebsiana and

A. ambisexualis E-87.

Genomic region compared Restriction Restriction Percent
sites sites sequence
compared shared divergence

Total genome ) 72 34 12.5
Total genome less one repeat 52 23 13.6
Total repeat - one copy 20 11 10.0
repeat rDNA - one copy 14 9 7.4
reApeat non-rPNA - one copy 6 2 18.3%
Total single copy 32 12 16.3
small single copy 8 2 23 .1
large single copy 24 10 14.6
Non-rDNA less one repeat 38 14 16.6

Non-rDNA total genome 44 16 16.9

Restriction sites shared/restriction sites compared = 9
Nunber of nucleotides recognized = N;
Percent sequence divergence = -100(1n S)/N (W. Brown et al, 1979;

Nei and Li, 1979).




The colinearity of the A. klebsiana and E-87

'

mt genomes means that the preliminary gene map
established for E-87 (Shumard et al, 1986), including
the genes for ATPase 6, ATPase 9, cyt b, COIL, COITI,
COIII, vari, and the small and large rRNAs, 1s probably
true for A. klebsiana as well (Fig. 28). Construction
of detailled physical maps thus simplifies genetic
mapping in closely related species and makes possible
fruitful evolutionary comparisons.

Two restriction fragments from the A. klebsiana

mt genome (@9}}4 andﬂ@ggﬁ;5) were cloned into plasmid
vectors. Plasmid pMAKS contains fragment BclI4 which
mapped totally within the repeat regions (see Figs. 21
and 28). Extensive restriction mapping of pMAKS5 showed
no differences between the cloned fragment and the

A. klebsianamap in thig region. As can been seen in
Pig 28, pMAKS contains most of the sequence that
hybridized to the large rRNA gene probe in

A, ambisexualis E-87. Plasmid pDAB6.5 contains fragmnent
TFcoRI5 (see Figs. 21 and 28). Restriction mapping of
PDAB6 .5 showed no differences between the cloned
fragment and the A. klebgsiana map in this region,

BcoRI/BclI and ficoRI/Clal codigestions of pDAB5.5 DNA

o

(Fig. 19, lanes £ and h), it can be seen that BelI and

Clal do not cleave asg predicted (see Pig. 21).
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It is likely that this was due to methylation of their
recognition sites by the dam methylase of E. coli JM103,
which methylates the internal adenine in the sequence
5'—-QGATC-3' (Wilson and Young, 19753 Pirotta, 1976).
Bell recognizes the sequence 5'-TGATCA-3' ( Bingham

et al, 1978), and Clal recognizes the sequence
5'-ATCGAT-3' (Mayer et al, 1981). The Clal site in the

TFcoRI5 fragment of A. klebsiana mtDNA must therefore

1

have a & on its left or C on its right such that the
dam methylase recognition site would be complete,

BelI and Clal are inhibited when the internal adenine
of their recognition sites is methylated
(Dreiseikelmann et al, 1979; McClelland, 1931). As can
be seen in Tig 23, pDAB6.5 containsg the full sequence
that hybridized to the large rRVA gene probe in

A. ambisexualis E-87, as well as the region which
containsg the strain-specific repeat insertion. It has
not been determined whether this insertion interrupts
the large rRVA gene sequence or is merely located at
its 3' terminus in those Achlya strains containing it
(Shunard et al, 1986). R-loop analysis and/or DNA
gequence analysis would be required to determine 1f the
to optional large rRVA introns described in other fungi
(see Historical section 3.5). The availabiiity oF

clones containing this region will facilitate this

analysis.
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As discussed above (Results section 3.2), pDARS.5 also
contains the region in which the junction between the

repeat regions and the large unique region lies

(see Pigs. 21 and 28), This region might be of interest

D

with respect to the mechanism of flip-flop
isomerization since it may be here that intramolecular

recombination begins.
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