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Summary. We sequenced the 3'-terminal part of 
the COX3 gene encoding cytochrome c oxidase sub- 
unit 3 from mitochondria of  Phytophthora parasi- 
tica (phylum Oomycota ,  k ingdom Protoct is ta) .  
Comparison of  the sequence with known COX3 
genes revealed that U G G  is used as a tryptophan 
codon in contrast to UGA in the mitochondrial codes 
of most organisms other than green plants. A very 
high AT mutation pressure operates on the mito- 
chondrial genome of  Phytophthora, as revealed by 
codon usage and by A + T  content of  noncoding 
regions, which seems paradoxical because AT pres- 
sure causes tryptophan codon reassignment from 
U G G  to U G A  in mitochondria of  most species. The 
genetic code and other data suggest that mitochon- 
dria of  Oomycota share a direct common ancestor 
with mitochondria of  plants and that mitochondria 
of  the ancestor of Planta and Oomycota were ac- 
quired in a second endosymbiotic event, which oc- 
curred later than the acquisition of mitochondria by 
other eukaryotes. 

Key words: Genetic code -- Mitochondria -- 
Oomycetes -- AT pressure -- Codon usage -- Cy- 
tochrome oxidase -- Phylogeny -- Endosymbiotic 
hypothesis -- Polyphyletic mitochondrial origin 

Introduction 

The phylogenetic origin of  mitochondria as eubac- 
terial endosymbionts is generally accepted (Margulis 
1981). Mitochondrial genomes of  different eukary- 
otes exhibit an extraordinary diversity, which sug- 
gests a polyphyletic origin (Gray 1989). A clear de- 
marcation line can be drawn between mitochondrial 
genomes of plants and that of other eukaryotes. Plant 

Offprint requests to: P. Karlovsky 

mitochondrial genomes are very large (up to the size 
of  a eubacterial genome); even the smallest one 
known is larger than the largest mitochondrial DNA 
(mtDNA) of a nonplant organism. The open struc- 
ture of  plant mitochondrial genomes with its genes 
floating in a sea of noncoding sequences strongly 
contrasts with the economized structure found in 
mitochondrial genomes of other organisms. Inter- 
genic sequences in plant mtDNA contain recom- 
binogenic repeats that promote frequent genome re- 
arrangements or even the coexistence of various 
DNA molecules in equilibrium with the master 
chromosome (Gray 1989; Palmer 1990). In contrast 
to the frequent recombination and the resulting 
structural divergence, the rate of  sequence change 
by point mutations is extremely low in plant mi- 
tochondria, around 100 times slower than for chlo- 
roplast genomes or animal mitochondria (Palmer 
and Herbon 1988; Palmer 1990). Additional char- 
acteristics that distinguish plant mitochondrial ge- 
nomes from those of  other organisms are the pres- 
ence of  genes for the a subunit of  F1-ATPase, a 5S 
RNA, and a protein homologous to the S 13 ribo- 
somal protein ofEscherichia coli; larger rRNAs; and 
frequent acquisition of  genes from nuclei and chlo- 
roplasts, resulting in the formation of mosaic ge- 
nomes (for a review see Levings and Brown 1989). 

The most generally applicable method for infer- 
ring long-range phylogenetic relationships within the 
mitochondrial lineage is the comparison of rRNA 
sequences. The results of  such studies indicate that 
plant mitochondria, or at least their rRNA genes, 
originated at a later time in evolution than did the 
mitochondria or their rRNA genes in other organ- 
isms (Gray 1989; Gray et al. 1989). 

Another feature relevant to the evolution of  the 
mitochondrial genome is the genetic code. Plant mi- 
tochondria retain the universal U G G  code for tryp- 
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AAGATTAATTAATCACCATTTTACAAAACAACACCATTTCGGTTTTGAAGCT 
ACGTCATTTAAATAATCATTTTTCAAAAAATCATCATTTTGGATTTGAAGCA 
ACGACATTTAAATAATCACTTCTCAAAAAATCATCATTTTGGTTTTGAAGOA 
AOGTTTAGCTGCTTACCACTTAACTGATCATCATCATCTAGGATACGAATCA 
AAGAATATTTGCTTACCATTTAACTGAOAACCATCATGTAGGTTTTGAAGGT 
AAGAATATTTGCTTACCATTTAACTGACAAOCATCATGTAGGTTTTGAGGGT 
TCGCCAATATCTTGGTOATCTGACAAAGGAGCATCACGTTGGCTTTGAAGCA 
TCGCCAATATCTTGGTCATCTGACOAAGGAGCATCACGTTGGCTTTGAAGCA 
TCGCCAATATCTTGGTCAGATGACCAAGAAGCATOACGTTGGCTTTGAAGOA 
TCGCCAATATCTGGGTOATeTGACOAAGAAGCATCACGTTGGOTTTGAAGCA 
TCGCCAATATCTTGGTCATCTGACCAAGAAGCATOACGTTGGCTTTGAAGCA 
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GCTGCATGGTAOTGGCATTTTGTTGATGTTGTTTGGTTATTTTTATTTGTAG 
GCTGCAT.C-~TACTG&CATTTTGTTGATGTAGTTTGATTATTTTTATATATCA 
GCTGCAT~TATTGACATTTTGTCGATGTAGTTTGATTATTTTTATATATCA 
GGAATCTTATACI.CI~,OATTTTGTTGATGTTGTAT~u~TTATTTTTATATATAT 
GGTATTTTATATTGACATTTTGTGGATGTAGTTT~eTTTTTTTATATGTTT 
GGAATTTTATAOTT..Ca~CATTTTGTAGATGTTGTT~CTATTTTTGTACATTT 
GCTGOATQGTACTGGCATTTTGTAGACGTGGTTCG6TTATTCCTATTTGTAT 
GCTGCATGQTACTGGCATTTTGTAGACGTGGTTOGGTTATTCCTATTTGTCT 
GCTGCATGGTACT(~tOATTTTGTAGACGTGGTTCC~ITTATTCOCATTTGTCT 
GCTGCATC-~TACTGGCATTTTGTAGACGTGGTTCGGTTATTCCCATTTGTCT 
GCTGCATGGTACTGGCATTTTGTAGACGTGGTTC~{~TTATTCCQATTTGTCT 

. . , W W , . .  
CTGTTTACTGGTGGGGOGGTAATTAATTTATATTTAATAAATTA-ACAATTT 
CAATTTACTGATGAGGAGGG---TAACCTTTTATTATTAATTAOATATOTAT 
CAATTTACTGATGAGGAGGA---TAA--TTATATTATTAATTAAATATCTAT 
CAGTATATTACTGAGGTTAT-- -TAAATT-- -AAAATTTATCAOATAG-TAT 
CAATTTATTAT.T_C~GGTTCT---TAGTAGATTATTCATOATTTOCAAATTA- 
CCGTATAOTAT~GGTTCT-- -T~TAAAAATAATCGAGTAAGGTTGTGAT 
CTATOTATTGGTGC-K3GAGGTATA~ . . . . .  GGTTAGAATCAGTGGATTGA 
CTATCTATTGGTGGGGAGGTATATG.8.A . . . . .  GGAACGAAACAGTGGATTGA 
CTATCTATTGGT~GGAGGTATATGa~AAGAAGGGAACGAATAAGTGGATTGA 
CTATTTATTGGTGGGGAGGCACAT.T_.~AAGAAGGCAACCAACAAGAGCATCGA 
CTATTTATTGGTGGGGAGGTATA~TA-AT . . . .  AAC . . . . . . . .  GGAAT--  
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Fig. 1. Multiple alignment of 3' parts of mitochon- 
drial genes encoding cytochrome c oxidase subunit 3 
and their downstream regions. Reading frame (-) and 
five conservative tryptophan residues (W) are indicated 
above the sequences. Tryptophan codons and stop co- 
dons of the cytochrome oxidase genes are in bold type, 
TGA codons are underlined. Note that the CGG co- 
dons are edited to U G G  in plant mitochondrial mRNA. 
Asterisks indicate places with identical bases in all se- 
quences. Full names of organisms and accession num- 
bers of the respective sequences in GenBank and EMBL 
libraries are Aspergillus nidulans (J01390), Drosophila 
melanogaster (M37275), Drosophila yakuba (complete 
mi tochondr ia l  genome sequence compiled under  
DRYMTCG), Glycine max (X15131), Neurospora 
crassa (J01430), Oenothera berteriana (X04764), Ory- 
za sativa (X 17040), Podospora anserina (X 14734), Tri- 
ticum aestivum (X15944), and Zea mays (X12728). 

tophan (Trp), whereas most nonplant mitochondria 
use UGA, as well as other nonstandard amino acid 
codons (reviewed by Jukes and Osawa 1990). 

In this paper, similarities between the genetic code 
in mitochondria of  the oomycetous plant pathogen 
Phytophthora parasitica and that of green plants is 
interpreted with respect to endosymbiotic theory 
and implications for the phylogeny of oomycetes. 

Materials and Methods 

A cloned fragment from mtDNA of P. parasitica DSM 1829 
(denoted Hind-ARSI), selected for its ability to drive autonomous 
plasmid replication in yeast (Mfihlbauer 1988), was partially di- 
gested with DNase I in the presence of Mn 2+ (Campbell and 
Jackson 1980). Fragments 150-240 bp long were isolated on an 
agarose gel, repaired by incubation with Klenow fragment of E. 
coli DNA polymerase I and all four deoxyribonucleotide tri- 
phosphates, and cloned into the Sinai site of pARSEQ. The 
cloning vector pARSEQ is a derivative ofpUC19,  wlhich carries 
a yeast marker gene URA3 and a polylinker from pSP64CS (Eck- 
eft 1987). This polylinker contains one Sinai site flanked on both 
sides by Tth 11 l I recognition sequences with different central 
bases. After the cleavage of the constructs with Tth 111I, each 
end of the cloned fragment was separately labeled using Klenow 
fragment and a 32p-deoxyribonucleotide triphosphate comple- 
mentary to the respective protruding 5' nucleotide. Labeled frag- 
ments were sequenced using a modified chemical degradation 
protocol. After comparing the sequence assembled from over- 
lapping fragments with GenBank and EMBL libraries, a coding 
sequence for the carboxyterminal part ofsubunit  3 ofcytochrome 
c oxidase was identified. The second sequence used in this study 
(part of the coding sequence for the a subunit of the FI-ATPase, 
Acc. No. X14351) was found by searching computer libraries for 
Phytophthora mitochondrial  sequences. 

Results and Discussion 

Genetic Code in Mitochondria of 
Phytophthora parasitica 

In the course of  analysis of ARS (autonomously 
replicating sequences) from mitochondria of  P. par- 
asitica, we sequenced a 3' part of  the gene for cy- 
tochrome c oxidase subunit 3 (COX3). Figure 1 
shows an alignment of  this sequence with homol- 
ogous sequences from other organisms and the po- 
sition of  five conservative TIp residues. In Phyto- 
phthora, all of these Trp are encoded by UGG 
codons. By comparing the aligned sequences we 
found no difference between the Phytophthora mi- 
tochondrial codon assignment and the universal 
code. 

The only known mitochondrial protein coding 
sequence of  Phytophthora in addition to COX3 is a 
part of the gene for the oL subunit of F1-ATPase 
(Frrster et al. 1989, Ace. No. X14351). There is no 
Trp codon in this sequence. A comparison with ho- 
mologous sequences revealed no difference from the 
universal code (data not shown). Green plants were 
the only organisms previously known to use the 
universal code in their mitochondria (Jukes and 
Osawa 1990). 

One of  the five conservative Trp residues in the 
carboxyterminal end of  the COX3 product is coded 
for by CGG in plant mitochondria (Fig. 1). This 
codon is edited to UGG in mRNA sequences (re- 
viewed by Cattaneo 1990). Another difference be- 
tween Phytophthora and plant COX3 genes is the 
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Table 1. Codons for the most frequently used amino acids in sequenced parts of COX3 and of the gene encoding the a subunit of 
the F,-ATPase from mitoehondrial DNA of Phytophthora 

L e u c i n e  A l a n i n e  G l y c i n e  Va l ine  I so l euc ine  

T T A  13 G C T  13 G G T  11 G T T  8 A T T  11 

T T G  --  G C C  --  G G C  1 G T C  --  A T C  - -  

C T T  - -  G C A  3 G G A  1 G T A  4 A T A  --  

C T C  - -  G C G  1 G G G  --  G T G  --  

C T A  

C T G  

use of the stop codons UAA (Phytophthora) and 
UGA (plants). We do not know whether the UGA 
triplet would still function in Phytophthora mtDNA 
properly as a translation termination signal. How- 
ever, we predict that because of the extremely high 
AT pressure (see the next section), most if  not all 
UGA stops have been converted to UAA. 

Some species are known to use both UGG and 
UGA Trp codons in their mitochondria (Anderson 
et al. 1982; Roe et al. 1985). Because these mito- 
chondria evolved under a high AT mutational pres- 
sure, only a small fraction of Trp codons is repre- 
sented by UGG. Regarding this, we examined the 
COX3 genes used in the alignment in Fig. I. We 
counted 50 Trp codons in COX3 genes of two Dro- 
sophila and three fungal species, 49 were UGA and 
1 was UGG (in the gene of Podospora anserina). 
We predict that no UGA Trp codon will be found 
in mtDNA of Phytophthora because at least some 
of the UGG codons found in COX3 should have 
already been converted to UGA under a strong AT 
pressure i f  it were possible. More than 90% of co- 
dons allowed to contain A or T in the third position 
are actually NNA or NNT (see the next section). 
Therefore, we predict that the CCA TIp anticodon 
(and not UCA) will be found in mitochondria of 
Phytophthora. The definitive answer can be only 
obtained by analyzing the respective tRNA Tn' se- 
quences. 

A T  Pressure and Codon Usage 

AT pressure is the cause of the UGA capture by Trp 
in fungal and animal mitochondria and in some 
bacteria with a very high A/T content (Osawa and 
Jukes 1989; Osawa et al. 1990). The presence of AT 
or GC pressure can be ascertained by calculating the 
G/C content ofnoncoding regions and by analyzing 
codon usage, especially with respect to the frequency 
of A/T versus G/C in the third codon position. Ex- 
cluding methionine and Trp, which possess only one 
codon each, codons used in both of the Phytophtho- 
ra mitochondrial protein coding sequences men- 
tioned above have A or T in their third position 
92.4% of the time. This is an indication of very 
strong AT pressure. Codons for the five most fre- 
quently used amino acids are shown in Table 1. Two 

hierarchically ordered preferences governing the co- 
don usage are evident. 

1) Preference for A and T over G and C in all codon 
positions. (Only one leucine codon consisting ex- 
clusively of A and T nucleotides is used out of  
six possible codons. The A/T-richest codons 
available are used in all other cases.) 

2) Preference for T over A. (In all four amino acids 
where two codons share the same high A/T con- 
tent, the codon with T in the third position is 
strongly preferred.) 

In the first noncoding region of Phytophthora 
mtDNA, the beginning of which is shown in Fig. 1, 
83 out of 103 bases following the stop codon of 
COX3 are A or T. Two other sequenced noncoding 
fragments with ARS activities, located at different 
places in the mitochondrial genome, also have a 
high A/T content: ARSII, with a length of 414 bp 
and 87.7% A+T,  and ARSIII, with a length of 368 
bp and 78.8% A + T  (Karlovsky and Fartmann, un- 
published). 

Fragments with ARS activity are special selected 
sequences that may not be representative of the whole 
mitochondrial genome. Digestion with restriction 
enzymes whose target sequences consist exclusively 
of A and T nucleotides can be used to test the dis- 
tribution of A/T-rich sequences in the whole ge- 
nome. F6rster et al. (1987) found that digestion of  
Phytophthora mtDNA (40-45 kb) with DraI (rec- 
ognition sequence TTTAAA) produced numerous 
small fragments, all of  them less than 1.3 kb. Es- 
sentially the same result was obtained with AsnI 
(target sequence ATTAAT; de Cock and Karlovsky, 
unpublished), strongly suggesting that sequences with 
a very high A/T content are scattered throughout 
the whole mitochondrial genome, perhaps encom- 
passing all intergenic spacers. 

Phylogeny of Oomycetous Mitochondria 

The genetic code is the most conservative evolu- 
tionary feature for inferring evolutionary relation- 
ships that can be exploited by analyzing DNA se- 
quences. Many time-coordinated mutational changes 
are required to achieve a codon reassignment with- 
out killing the cell through the accumulation of  de- 



Ph. parasitica RLINHHFTKQ HHFGFEAAAW YWHFVDVVWL FLFVAVYWWG GN 

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

D r o s .  y a k u b a  . H L . N . . S . N  . . . . . . . . . . . . . . . . . . . . . .  Y I T I  . . . . .  - 32  

D. m e l a n o g a s t e r  . H L , N . . S . N  . . . . . . . . . . . . . . . . . . . . . .  Y I T I  . . . . .  - 32  

O e n ,  b e r t e r i a n a  , Q Y L G . L , . E  , . V  . . . . . . . . . . . . . . . . . . . . .  S I  . . . . .  I 32 

G l y c i n e  max , Q Y L G . L . . E  . . V  . . . . . . . . . . . . . . . . . . . . .  S I  . . . . .  I 32  

Z e a  m a y s  . Q Y L G . L . . K  . , V  . . . . . . . . . . . . . . . . . .  P . . S I  . . . . .  T 31 
O r y z a  s a t i v a  . q Y L G . L , , K  , . V  . . . . . . . . . . . . . . . . . .  P, . S I  . . . . .  I 31 
T r i t ,  a e s t i v u m  . Q Y L G Q M . . K  , . V  . . . . . . . . . . . . . . . . . .  P , . S I  . . . . .  I 30  

ASp, nidulans , . A A Y . L . D H  . . L . Y . S G I L  . . . . . . . . . .  . . Y M S . . Y . .  Y -  25  

P o d .  a n s e r i n a  . M F A Y . L . D N  , . V . . . G G I L  . . . . . . . . . . . .  Y . S I . Y , ,  S -  25 
N e u r ,  c r a s s a  . N F A Y . L . D N  . , V . . . G G I L  . . . . . . . . . . . .  Y I S . . Y . .  S -  25 

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

fective proteins (Osawa and Jukes 1989), including 
changes in the codon in question at relevant posi- 
tions in all genes encoding essential proteins, mu- 
tations in tRNA genes, and in some cases changes 
in the specificity of aminoacyl-tRNA synthetases 
and release factors. 

Alterations in the genetic code are probably re- 
cent evolutionary events (Osawa et al. 1990). Cap- 
ture of the stop codon UGA by Trp in mitochondrial 
codes must have occurred after the separation of 
mitochondria of nonplant organisms from an an- 
cestor shared with plant mitochondria (Jukes and 
Osawa 1990). The multistage process involved in 
codon reassignment probably did not occur two suc- 
cessive times in oomycetous mitochondria: first by 
the capture of UGA by Trp and then by reassigning 
the stop codon again. In this case, the second change 
would have been contraselected by AT pressure. 
Evidently, oomycetous mitochondria developed 
from the same ancestor as did plant mitochondria 
after its separation from the nonplant lineage. Anal- 
ysis of  rRNA sequences and other specific features 
of plant mitochondria support the origin of these 
mitochondria in a second endosymbiotic event. The 
presence of  the gene for the a subunit of the F~- 
ATPase in mitochondria of Phytophthora (F6rster 
et al. 1989) and our results concerning the genetic 
code suggest that the second endosymbiotic event 
gave rise to an endosymbiotic lineage that diverged 
into plant and oomycetous mitochondria and pos- 
sibly also into mitochondria of  heterokont algae. 
There was not enough time for the AT pressure in 
the evolution ofoomycetes to cause the codon reas- 
signment. 

An alternative hypothesis is that an oomycetous 
ancestor, living in close parasitic contact with a plant, 
captured a new mitochondrion from the host and 
subsequently lost its own. The difficulty with this 
hypothesis is the assumption that all Phytophthora 
species with mitochondrial genomes closely related 
to P. parasitica developed from one plant parasite 
species. However, primitive marine species, which 
are phylogenetically older than species that parasit- 
ize land plants, have restriction patterns of mtDNA 
similar to that of P. parasitica (de Cock and Bahn- 
weg 1989). More molecular data on different Phy- 
tophthora and other oomycetes species are required 
before the hypothesis can be definitively disproved. 
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Fig. 2. Comparison of carboxyterminal parts of cy- 
tochrome c oxidase subunit 3 proteins as deduced from 
mitochondrial DNA sequences (see Fig. 1). Amino ac- 
ids identical with those at homologous positions of the 
Phytophthora parasitica protein are indicated by dots; 
nonidentical residues are abbreviated using the stan- 
dard one-letter code. The number of positions with 
identical residues as compared with Phytophthora (to- 
tal of 42 positions) is indicated to the right of the se- 
quences. 

After the separation of the oomycetous and plant 
mitochondrial lineages, AT mutation pressure lead 
to the nonrandom nucleotide composition of non- 
coding sequences and to a biased codon usage in 
oomycetous mi tochondr ia l  genomes. Genomic  
economization formed mtDNA into a small mol- 
ecule resembling fungal and animal mitochondrial 
genomes. The AT pressure and genomic economi- 
zation are connected with the replication and repair 
of DNA and with the competition for limited supply 
of energy. The common denominator of these fac- 
tors could be the absorbtive nutritional mode, which 
was the main evolutionary force governing the di- 
vergence of oomycetes from plants. In any case, 
these factors have not operated upon the mitochon- 
drial genome of oomycetes long enough to reassign 
the Trp codon. 

Do other features of oomycetous mtDNA con- 
firm their close relationship to plant mitochondria? 
Unfortunately, molecular analysis of oomycetous 
mitochondria is in the early stages. Alignment of 
the protein sequence of the fragment translated from 
COX3 of P. parasitica with other cytochrome oxi- 
dase sequences (Fig. 2) indicates that oomycetous 
mitochondria are not more related to mitochondria 
of Fungi than to that of Metazoa and Planta. How- 
ever, extensive sequencing is required before a 
quantitative phylogenetic conclusion can be drawn 
from such sequence comparisons. 

The phylogeny of oomycetes is a controversial 
issue even at the level of kingdoms. Traditionally, 
these species were grouped in the class Oomycetes 
within Phycomycetes or "lower fungi" within the 
kingdom Fungi (Ban" 1983). In the modern systems, 
they were given the status of phylum (Oomycota) 
and were first placed in Fungi (Whittaker 1969) only 
to be later moved into Protoctista (Margulis 1981; 
Margulis and Schwartz 1988). Protoctista is a poly- 
phyletic kingdom of mostly unicellular eukaryotes 
defined by exclusion (neither plants nor animals nor 
fungi). It comprises such different groups as proto- 
zoa, algae, and slime molds. To avoid this artificial 
grouping, the suggestion was made to raise major 
protoctist phyla to kingdoms (Leedale 1974). How- 
ever, even these efforts did not lead to a satisfying 
placement of oomycetes, e.g., according to the 13- 
kingdom system ofLeedale, oomycetes are grouped 
with brown algae and diatoms (Margulis 1981). 
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T h e  p h y l o g e n e t i c  r e l a t i o n s h i p  b e t w e e n  o o m y -  
ce tes  a n d  h e t e r o k o n t  a lgae  (espec ia l ly  c h r y s o p h y t e s  
a n d  x a n t h o p h y t e s )  is, h o w e v e r ,  a long  e s t a b l i s h e d  
c o n c e p t  s u p p o r t e d  b y  n u m e r o u s  u l t r a s t r u c t u r a l  a n d  
b i o c h e m i c a l  c h a r a c t e r s  ( r e v i e w e d  in  Ba r r  19 8 3). F o r  
e x a m p l e ,  o o m y c e t e s  c o n t a i n  ce l lu lose  in  t h e i r  cell  
wa l l  a n d  syn the s i ze  ly s ine  t h r o u g h  d i a m i n o p i m e l i c  
a c i d - l i k e  p l a n t s  a n d  n o t  t h r o u g h  a m i n o a d i p i c  
a c i d - l i k e  fungi  ( L e J o h n  1971). A n o t h e r  r e l e v a n t  
p h y l o g e n e t i c  f ea tu re  was  e s t a b l i s h e d  af te r  a long  a n d  
c o n t r o v e r s i a l  d e b a t e  ( r e v i e w e d  b y  S h a w  1983); the  
o o m y c e t o u s  l ife cyc le  h a s  k a r y o g a m y  i m m e d i a t e l y  

fo l lowing  m e i o s i s ,  a n d  t h e i r  v e g e t a t i v e  p h a s e  is d i p -  
lo id .  T h e  first  m o l e c u l a r  d a t a  c o n c e r n i n g  o o m y c e -  
t o u s  p h y l o g e n y  e m e r g e d  recen t ly ;  a s t u d y  o f  s m a l l -  
s u b u n i t  r R N A  sequences  d e m o n s t r a t e d  a v e r y  c lose  

r e l a t i o n s h i p  b e t w e e n  Achlya a n d  c h r y s o p h y t e s  
( G u n d e r s o n  et  al.  19 8 7). T h e  ana lys i s  o f  t he  c o d i n g  
s equences  for  two  e n z y m e s  o f  t he  T r p  b i o s y n t h e t i c  
p a t h w a y  r e s u l t e d  i n  p h y l o g e n e t i c  t r e e s  w i t h  
Phytophthora s e q u e n c e s  l o c a t e d  o u t s i d e  the  c lus te rs  
o f  s e v e n  funga l  genera ,  w h i c h  i n c l u d e  r e p r e s e n t a -  
t ives  o f  a s c o m y c e t e s ,  b a s i d i o m y c e t e s ,  a n d  zygo-  
m y c e t e s  ( K a r l o v s k y  a n d  Pre l l  1991). A c o m p a r i s o n  
o f  ac t in  s equences  d e m o n s t r a t e d  h o m o l o g y  o f  Phy- 
tophthora ac t in  s equences  to  t h o s e  o f  Arabidopsis, 
Hydra, a n d  Dictyostelium r a t h e r  t h a n  to  t h o s e  o f  
Aspergillus a n d  Saccharomyces ( U n k l e s  et  al.  1991). 

T h e  use  o f  t he  u n i v e r s a l  gene t i c  code  in  t he  m i -  
t o c h o n d r i a  of Phytophthora c o n f i r m s  the  c lose  p h y -  
l ogene t i c  r e l a t i o n s h i p  b e t w e e n  these  o rgane l l e s  in  
o o m y c e t e s  a n d  p lan t s .  Thus ,  the  g e n o m e s  o f  o rgan-  
e l les  p r o v i d e  i m p o r t a n t  c lues  for  t he  s t u d y  o f  e v o -  
l n t i on .  T h i s  s h o u l d  n o t  su rp r i se  us  w h e n  we  b e a r  in  
m i n d  t h a t  g e n o m i c  m o s a i c i s m  is a b a s i c  f ea tu re  o f  
e u k a r y o t i c  o r g a n i s m s  a n d  t h a t  i t  posses ses  an  e v o -  
l u t i o n a r y  role ,  w h i c h  is v a l u e d  e v e n  h ighe r  t h a n  t h a t  
o f  D a r w i n i a n  se l ec t ion  b y  s o m e  r e sea rche r s  ( M a n n  
1991). 
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