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Sequences from homologous regions of the nuclear and mitochondrial small-subunit 
rRNA genes from 10 members of the mushroom order Boletales were used to 
construct evolutionary trees and to compare the rates and modes of evolution. 
Trees constructed independently for each gene by parsimony and tested by bootstrap 
analysis have identical topologies in all statistically significant branches. Examination 
of base substitutions revealed that the nuclear gene is biased toward C-T transitions 
and that the distribution of transversions in the mitochondrial gene is strongly 
effected by an A-T bias. When only homologous regions of the two genes were 
compared, base substitutions per nucleotide were roughly 16-fold greater in the 
mitochondrial gene. The difference in the frequency of length mutations was at 
least as great but was impossible to estimate accurately because of their absence in 
the nuclear gene. Maximum likelihood was used to show that base-substitution 
rates vary dramatically among the branches. A significant part of the rate inconstancy 
was caused by an accelerated nuclear rate in one branch and a retarded mitochondrial 
rate in a different branch. A second part of the rate variability involved a consistent 
inconstancy: short branches exhibit ratios of mitochondrial to nuclear divergences 
of <l, while longer branches had ratios of - 4 : l-8 : 1. This pattern suggests a sys- 
tematic error in the branch length calculation. The error may be related to the 
simplicity of the divergence estimates, which assumes that all base positions have 
an equal probability of change. 

Introduction 

The application of direct RNA sequencing and the recent development of PCR 
primers for rRNA genes and spacers has made sequence analysis of these regions 
increasingly popular in fungal studies (Guadet et al. 1989; Barnes et al. 1991; Bruns 
et al. 199 1) . The technology for acquiring these sequences, however, is much more 
advanced than our understanding of the relative rates and modes of evolution within 
these regions. Specifically, the base-substitution-rate difference between mitochondrial 
and nuclear genes has not been examined in fungi, nor has the frequency of different 
types of base substitutions. Rate and frequency data could aid in the selection of 
appropriate regions for phylogenetic studies and could also be incorporated into de- 
cisions on character-state weighting. 

The purpose of this paper is to compare sequence evolution in portions of the 
mitochondrial and nuclear small-subunit ribosomal RNA (SrRNA) genes. The regions 
chosen overlap homologous parts of domain 2. Prior comparative studies have shown 

1. Key words: transition-transversion ratio, likelihood, base composition effects, molecular clock, strand 
bias. 
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that parts of these regions are among the most variable in the SrRNA gene (Gutell et 
al. 1985; Sogin and Gunderson 1987). In distant phylogenetic comparisons these por- 
tions are typically unalignable (Gray et al. 1984; Cedergren et al. 1988). Other parts 
of the regions studied are highly conserved and have been used to infer the origin of 
mitochondria and the phylogeny of Eukaryotes (Gray et al. 1984; Cedergren et al. 1988). 

The 10 fungi we investigated are members of the Boletales, an order of mushroom- 
producing basidiomycetes. We chose this group because our prior work suggested that 
they span a low to moderate range of molecular diversity (Bruns et al. 1989; Bruns and 
Palmer 1989 ). This represents a relatively uninvestigated level of divergence in fungi, 
but it is one that we expected to be useful for studying the evolution of these genes. 

We first used parsimony analysis to analyze the two genes independently and as 
a combined data set. We then assessed confidence in these trees by comparing the 
topology of the nuclear and mitochondrial trees and by bootstrapping. The best par- 
simony-analysis tree was then used to examine the frequency of different types of base 
substitutions. These frequencies were then used as an aid in the selection of appropriate 
parameters for maximum-likelihood analyses. The likelihood analyses were used to 
examine the constancy of nucleotide substitution rates. 

Material and Methods 

DNAs from Boletus satanas (TDB-lOOO), Gomphidius glutinosus (TDB-957), 
Chroogomphus vinicolor (TDB-lOlO), and Paxillus atrotomentosus (TDB-782) were 
extracted from freeze-dried collections according to a method described elsewhere 
(Bruns et al. 1990). The voucher collections will be deposited in the University of 
California herbarium. DNA extraction methods and deposition of voucher collections 
for other fungal taxa-Suillus sinuspaulianus (DAOM-66995 ), S. cavipes (TDB-646), 
Paragyrodon sphaerosporus (TBD-420)) Phylloporus rhodoxanthus (TDB-540)) Rhi- 
zopogon subcaerulescens (F-288,2), and Xerocomus chrysenteron (TDB-635)-have 
been given elsewhere (Bruns et al. 1990; Bruns and Palmer 1989). 

All sequences except those from the mitochondrial SrRNA of S. sinuspaulianus 
were obtained by direct sequencing of PCR products by the asymmetric-primer-ratio 
method (Gyllensten and Erlich 1988 ) , with minor modifications described elsewhere 
(Bruns et al. 1990). The NS3 /NS4 primers at ratios of 50 : 1 and 1: 50 and the ML1 / 
ML2 primers at ratios of 50: 2 and 2: 50 were used to generate templates for both 
strands of the nuclear and mitochondrial genes, respectively (White et al. 1990). One 
additional primer-MS4, AACCACCATTCATCGTTGAC-was used to sequence 
the mitochondrial gene, and two additional primers-NS20UCB, CGTCCCTAT- 
TAATCATTACG; and NS2 1 UCB, GAATAATAGAATAGGACG-were used to se- 
quence the nuclear gene. The latter two primers were designed by Gargas and Taylor 
( 1992). Sequencing was done with Taq polymerase according to the manufacturer’s 
(USB) instructions. Sequences from the mitochondrial SrRNA of S. sinuspaulianus 
were obtained from cloned regions of native DNA. Clones and sequencing methods 
have been described elsewhere (Bruns et al. 1989; Bruns and Palmer 1989). 

Initial sequence alignments were done with Genalign (Intelligenetics) by using 
equal weights for deletions and mismatch, a length factor of 6, and a spread factor of 
50. Final alignments for the mitochondrial sequences were visually adjusted. 

The nuclear and mitochondrial data were analyzed independently and in com- 
bination by uniformly weighted parsimony analysis using the branch-and-bounds al- 
gorithm of PAUP (Swofford 1990)) with gaps treated as missing data. Confidence 
intervals on tree topologies were estimated by bootstrap analyses (Felsenstein 1985 ) 
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by using the heuristic search option of PAUP. The nuclear data were used unaltered 
and in their entirety, but, within the mitochondrial sequences, not all regions were 
used, because of difficulties with alignment (figs. 1 and 2). The mitochondrial V8 
region was completely omitted from the analysis. The mitochondrial V7 region was 
used by double coding the sequences as follows: the aligned block of the first five taxa 
(fig. 2) was used with positions for the other five taxa encoded as missing data, and 
then the aligned block for the last four taxa (fig. 2) was entered, with the first six taxa’s 
positions coded as missing. The Paxillus V7 region, which could not be aligned with 
any of the other taxa, was coded as missing in both blocks. The small ambiguous 
region in V7 of Paragyrodon was also coded as missing in both blocks. This approach 
enables five additional cladistically informative sites, as well as 16 additional unique 
changes, to be included in the analysis. Inclusion of these sites affects topology among 
the most closely related species and also contributes to terminal branch lengths within 
all taxa except Pa.xil1u.s. The only disadvantage in this approach is that the lengths of 
some longer internal branches were underestimated relative to most terminal branches, 
because the long internal branches connect taxa that could not be aligned within the 
V7 region. When rates were compared (see below), this problem was corrected by 
omitting the V7 region. 

Results 
Distribution of Sequence Differences 

Aligned sequences of the 10 taxa are shown for the nuclear and mitochondrial 
regions studied ( figs. 1 and 3 ) . Variation within the nuclear sequence was almost 
entirely limited to the eukaryote-specific (ESR) and V8 regions. The ESR region is 
an area of unresolved structure found only in eukaryotic nuclear SrRNAs, and the 
V8 region is a helical region known to be variable, in shape and size, over broad 
phylogenetic comparisons (Gutell et al. 1985). Only five differences were observed 
outside these two regions, and none was found in the “universal” regions sampled. 
No length mutations of any size were observed in the nuclear genes. 

In contrast, variable sites were distributed throughout the mitochondrial genes, 
including portions of the universal regions. Although the universal regions are no- 
ticeably more conserved than the surrounding sequences, 19% of the sites in these 
supposedly conserved regions are variable within this order of fungi. In addition, many 
length mutations were observed in the mitochondrial gene. Most were located in the 
two highly variable regions discussed below, but at least seven small length differences 
were found in other regions (fig. 1). 

The two most variable areas of these mitochondrial genes, V7 and V8 (figs. 1 
and 2), correspond to the 588-65 1 and 829-857 regions of the Escherichia coli SrRNA 
gene. The first region is absent in eukaryotic nuclear SrRNA genes but typically forms 
stem structures in bacterial and most mitochondrial genes; these stems are known to 
be variable, in shape and size, among phylogenetically distant taxa (Gutell et al. 1985 ) . 
In the Boletales the V7 region can potentially be folded into helical structures, but 
the structural variation within the order is virtually as great as that in all previously 
described fungal mitochondrial SrRNAs (fig. 4). Many apparently uncompensated 
changes are tolerated, but most are localized in two bulge-loop regions (fig. 4). Neither 
the V7 region nor the V8 region of the mitochondrial gene could be unambiguously 
aligned by primary structure in all 10 taxa; V7 is alignable within two subsets of the 
taxa, while only fragmented patterns of similar sequences exist in V8 (fig. 2). Both 
regions are strongly biased toward adenine and thymine, averaging 86% and 92% 
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t* .tttt.**t .t*t*tt *. l t l t l * l l l t* * l * l l * tt II l . 

CTAGCTMCTGAMTCGCA-------MTGTGTCATTTGTGAT-GTM~-TTAT~TATTATCTTAC-TATTAGTGCTGTCC-CTGGTGCCA-~CTCGGTM~C~~~~-CGTTAGTCGTCCTMT~~C 
CTAGCTMCTGAAATCGCA-------MTGTGTCATTTGT~T-GTM~G-TTAT~TATTATCTTAC-TACTAGTGCTGTC-CTGGTGC~-~CTC~TMGGCCA~GGC-CGTTAGTCGTCCTMTCA~C 
CTAGCTMCTGARATCGCA-------MTGTGTCATTTGT~T-GTM~-TTAT~TATTATCTTAC-TACTAGTGCTGTC-CTGGTGCCA-~CTC~TMG~~~~~-CGTTAGTCGTCCTMT~~ 
CTAGCTMCT-TCATA-------MTGTGTCATTTTGT~T-GTM~-TTAT~TACTATCTTAC-TACTAGTGCTGTC-CTGGT~~GM~CTC~TMG~CA~GGC-CGTTAGTCGTCCTMTCA~ 
CTAG~M~-TCATA-------MTGTG~~T~~T-GTM~-TTAT~TA~AT~TAC-TACTA~GCTGTCC-~~GCCA-~~CGGTM~CCA~GGC~-C~TA~C~~MTCA~C 
CTAGCTMCTGAAATCACAACAGCCTGATGGGTT TMTGATAGU\CCTTACTTMTAGTGTTGTC-CTGGT~~-~CTCGGTM~~-C-CGTTAGTCGTCTTMTCA~ 
CTAGCTNNNTNNNNTCATA-------GATNTGTCATTTTAT~TMGGTM~-TMT~TATTATCTTAC-TATTAGTGTCGTCT-CTGGT~~-~CTC~TM~CCA~~C-CGTTAGT~TCATMTCA~C 
CTAGCTMCT-TCTTA-------MTTT-~TATTM~TMGGTM~-TMT~TATTATCTTAC-TATTAGTGTCGTCT-TTTGGT~~-~CTC~TM~CCTTA~C-CGTTMTCGT~TMTCA~ 
CTAGCTMCTGAMTCTTA-------MTTT-MT-TTM~TM~TM~-TMTGATATTATCTTAC-TATTAGTGTCGTCT-TTTGGTGCCA-~CTCGGTM~CCTTA~CG-CGTTMTCGT~TMTCA~C 
CTAGCTMCT-TCTTA-------ATTTTIIRATATTM~TMGGTM~-TMT~TATTATCTTAC-TATTAGTGTCGTCT-TTTGGTGC~-~CTCGGTM~CCTTA~CG-CGTTMTCGT~TMTCAffiC 

SUillUS CIY. (SC) 
s. sinus. (SSI 
Rhiropogon (Rhl 
Chrooqcmphus (Ch) 
colnphldf us (Go1 
eaxi11ur (PX) 
Paraqyrodon (~a) 
Phylloporus (Ph) 
BOl.F.tUS (801 
Xerocom”r (XC) 

V-3 

SC 
ss 
Rh 
Ch 
Go 

PX 
P1 
Ph 
SO 
Xe 

SC 
5s 
Rh 
Ch 
GO 
PX 
Pa 
Ph 
SO 
Xe 

tt l + t t l t t +*** t .t*****t*ttt t * t** l ttttttt t* * l t t ** t ttttt*..ttt * .t t*t 

GTAAAGGGTTTGTAGGCTGCTTT MTTGAAGCTAGAI\TCTMTA~GGGT-C~TMTATTT~GTMG~-TT~TCT~~TTTAGATG~TACTMCGGTT~GCTTTTATCTATCT~GATT~C~~~C~~~G 
GTAAAGGGTTTGTAGGCTGCTTT MTTGAPI(;CTAGAATCTMTA~GGGT--TMTATTT-GTMG~-TT-TCTCM~GTTTA~T-TACTMC~TT-GCTTTTATCTATCTACAGATT~C~T~-C-~~G 
GTAAAGGGTTTGTAGGCTGCTTT MTTGMGCTA~TCTMTA~GffiT~~TMTATTT~GTM~-TT~TCT~~GTTTA~TG~TACT~C~~~GCTTTTATCTMCTA~GATT~C~T~~C~ffi~G 
GTAAAGGGTTTGTAGGCTGCTTT MT~GCTAGAATCGGGT~~TMTA~~GTM~-~~TC~M~GTTTA~TG~TA~M~~~G~~A~TA~TM~A~~~T~~~ffi~G 
GTAAAGGGTTTGTAGGCTGCTTT T, MTTGAPlGCTAGMTCTAATA~G~T~~TMTATTT~GTMG~-TT~TCTCM~GTTTA~TG~TACTMCGGTT~GCTTTTATCTATCTMTGATT~C~T~~C~~~G 
GTAAAGGGTAAGTAGGCTGCTTT AATTAAAGCTAGMTCAAATAGAAGATAAACCAAATMTGCTTTGGGTMGGA-TGATATCTT AIUAAAC-GTAGMTACTCAGGGC-GCTTTTTATCTAT-TGATT~C~T~~TAC-GGT~G 
GTMAGGGTTTGTAGGCGGCTTT MTT-GCTA~TCTMTA~GGGTGAGCT~~~TTTT-MTTAGGATTMC~CTGM~TMTTTAGAGTACT~GGTT~GCTATTTATCCACT~GATT~CGCTCA~C~G~~G 

t t. l tt*t . t l * l *. 1) l tt t*tt l 

G-TMGG-CAGGATTAGATACCCMCTGCTCCC 
G-TMGGAAACAGWLTTAGATACCClUCTACCCMCTACTGCTCCCTGT-C~T-TGGTGGTTGCTAG 
G-TAAGG-CAGWLTTAWTACCC~CTGCTCCCG 
G-TMGGARACAG~TTAGATACCCARCTACTACTGCTCCCTGT-C~T-TGGTGGTTGC~G 
G-TMGGAAACAGGATTAGATACCCAACTACTGCTCCCTGTCAACGATGAATGGTGGTTGCTAG 
WLT-AG-TTAGGATTA~TACCCCTCT 
GAT-CGM,AACAAGATTAGAGACCTAATTATCCCTCTCAGTCAACGATGAATGGCAGTTGCTM 
MTM-CTTAGATTAOACCTMTTATCTCTCTCAGTCMC~T-TGGTAGTTATTM 
MTMGAMCTTAGATTAGCTMTTATCTCTCT~GTCMC~T-TGGTAGTTATTM 
MTMGAAACTTAGATTAGAGACCTMTTATCTCTCTCAGTCMCGATGMTGGTAGTCATTAA 

* l * ttt t t l l l l t l l 

ACTGGTAGCGATGCTMCGCGTTMC~TTCCGCCTTGT~GTAC~CTGC-GTT-~TTA 
ACTGGTAGCGITGCTMCGCGTTMC~TTGTG 
ACTTGTMCWLTGCTMCGCGTTMC~TTGT 
ACTGGTAGCGATGCTMCGCGTTMCCATTCCGCCTTGTGTTA 

“5 ACTGGTAGCGP.TGCTMCGCGTTMCCATTG 

ATTAGTWICGAGGTTMCACGATW\CCATTCCATTGTTA 
ATTAGTGACGAGGTTMCACGATW\CCATTCCATTGTTTA 
ATTAGTGACGAGGTTMCACGATGACCATTCCGCCTTGTTAGTMGACT&MLRGTT~CAMAAAATTA 

FIG. 1 .-Sequence alignments from a portion of the mitochondrial SrRNA gene. The sequences start 14 bp from the MS1 primer and end 32 bp before the MS2 primer. 
Variable positions are indicated with an asterisk (*). The positions of the “Universal” regions U3, U4, and U5 and of variable regions V7 and V8, as defined by Gray et al. 
( 1984) and extended by Cummings et al. ( 1989), are indicated, but the sequences for the V7 and V8 are omitted from this alignment and are given in fig. 4. The black, 
downward-pointing triangles (W) indicate the borders of the area homologous to the aligned nuclear sequences (fig. 3). A dash (-) indicates a gap introduced for alignment. 
Full species names and isolate numbers are given in Material and Methods. GenBank accession numbers for the sequences (from top to bottom) are M9 10 16, M9 1017, M9 10 15, 
M91010, M91011, M91012, M91014, M91013, M91009, and M91018. 
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v-7 
* ** l l * 

SC gaaagtcttaaaattataatagctattaaatgataagatg 
Ss gaaagtcttattattataatagctattaaatgataagatg 
Rh gaaaatcttataattataatagctaattaatgataagatg 
Ch gaaagtcttattattataatagctaattaatgataagata 
Go gaaattcttattattataatagctaattaatgataagatg 

Px aaagtttattctataatctgaaaagatgtcaatatagtagtgataataaaaatttccttttttatctcatatagaatataac 

* l * ***** ** * * * ** tattttttttttaca * 
Pa aaataatatagtt-taataaaatagctataaaaaatattt * aattatattat 
Ph aaaaaatataatt-c-ttattataacaataataaatacttatagctaaata----aattatattca 
Bo aaaaaatataattacattattataacaataataaattcttatagctaaata----aattatattct 
Xe aaaaaatataactataaaattataacaataataaattattatagctaaat-----aattatattct 

V-8 
* * * * ******* l l * 

SC ttat-aattactt-aa-----gtaaaaaatttatatta------aaaatataagtaatt--aaaa--tg 
Ss ttat-aactactttaa-----gtaaatattttatattatataagataaaataagtagtt--aaaa--tg 

P.h ttataaaaaaaaaactaatgcgtaaaatttattttcaaataatagaaaattaaatagttttaaaaattg 

* *** l ********** * * * * 
Ch ttactaactattttcataattttg---tttttttttaataa-tagaaaatt-agtagtt--aaaaaatg 
Go ttactaactacttgagtaatttt----------tctaataaatagaaattt-agtagtt--aaaaa-tg 

Px tcttcatatataaataaataattatatattagatataagtaatg 

Pa tttaaataatatattatatatattaaatatatttattatataatttatta~~-aatttt-at 

* * **** * * * * **** ** * * ** * ** 
Ph -----------aaatt-aaatat-t-gtata-ataa-atattatttattatc~aattt--at 
BO -----------aatttaaaatatataataaagataatatataattatttttattgtatagat 
Xe -----------aaattaaaatat--aataaatattatataattatatttttattatatagat 

FIG. IT-Partial alignments of the hypervariable regions (V-7 and V-8) from the mitochondrial SrRNA 
gene. Rows of adjacent sequences are shown aligned for each of the two variable regions. Within the V-8 
repion, nonadjacent rows are only roughly aligned among the suilloid taxa (SC, Ss, Rh, Ch, and Go) and 
between the boletoid taxa (Ph, Bo, and Xe) and Purugyrodon (Pa); other nonadjacent blocks are not aligned. 
An unaligned portion of the V-7 region of Puragyrodon is shown out of register. Variable positions within 
aligned rows are indicated by asterisks ( * ) . 

A+T, compared with -60% for most other areas of the genes. Together these two 
regions account for the overwhelming majority of the length differences among these 
sequences. 

Phylogenetic Analyses 

Trees derived independently from the nuclear and mitochondrial data were iden- 
tical in all statistically significant portions of their topologies (fig. 5), and both dem- 
onstrate, with considerable confidence, that the family Boletaceae is polyphyletic. In 
both trees, one member of the family, Puragyrodon, is the sister taxon to three species 
that we will refer to as the “boletoid group,” but only in the mitochondrial data is 
this relationship demonstrated with statistical confidence. Suillus, the only other rep- 
resentative of the Boletaceae, was found to be most closely related to Rhizopogon 
(Hymenogastraceae) , Gomphidius, and Chroogomphus (Gomphidiaceae ); collectively 
we will refer to these five genera as the “suilloid group.” Paxillus was found to be a 
distant sister taxon to the suilloid group, in both trees (fig. 5). 

Neither the mitochondrial nor the nuclear data resolve, with significant levels of 

 at U
niversity of C

alifornia B
erkeley on N

ovem
ber 30, 2011

http://m
be.oxfordjournals.org/

D
ow

nloaded from
 

http://mbe.oxfordjournals.org/


OS ESR 
_~~~________~~~~~___________~________~~~~~________~____--___________-_-__________---_________-------_____________----___________________-_ 

. tt ttt *t l l *** I* * *** t l t t l t* * t t 

SC T*TTAAAGTTGTTGCAGTTATcGT*GTT~cTTTG*GcTcGTccGGGcGGTccGccTc*cGGcGcTGTAcTGTcTGGGcG~cTTTTccTcT*~T~TcG~GT~ccT*cGTT~GTGcG*c~c~G~cTTTTAccTT~~TTA~ 

ss TATTAAAGTTGTTGC*GTTAcTcGT*GTTGMcTTT~GcTcGTccGGGcGGTccGccTcAcGGc~TGT*cTGTcTGGGcGGGcTTTTccTcTTGGT~*cGGcGTGcccTTcGTT~GTGcG*c~c~G~cTT*TAccTT~~TT*G* 

Rh TATTAAAGTTGTTGCAGTTAAAAAGCTCGTAGTTGMCTTT~GCTCGTCCGGACGGTCCGCCTCACGGC~TGTACTGTCT~TG~TTTTCCTCTT~T~TC~GT~CCTTCGTT~T~GTC GGGGAACCAGGACTTTTACCTTGA-TTAGA 
Ch TATTAAAGTTGTTGCAGTTAGCTCGTAGTTG~CTTT~GCTTGCCTGGGCGGTCCGCCTCAC~CGCTGTACTGTCTGGGTGGGCTTTTCCTCTTGGT~TCGGCGT~CCTTCATTGGGTGCGTCG~~C~G~CTTTTACCTT~~TTA~ 

Go TATTAAAGTTGTTGCAGTTACTCGTAGTTGMCTTT~GCTCGCCCGG~GGTCCGCCTCACGGCGCTGTACTGTCTG~T-CTTTTCCTCTTGGT-TCGGCGTGCCCTTCACTGGGTGCGTCG~-C~G~CTTTTACCTT~-TTA~ 
Px TATTAAAGTTGTTGCAGTTACTCGTAGTTG~CTTTGGGCCTG~CGGGTGGTCC~CTCGCGGCGTTGTACTGTCTG~TGGGCCTTTCCTCTTGGT-CCGGCGTGCCCTTTACTGGGTGCGTTG-C~G~CTTTTACCTT~-TTA~ 
Pa TATTAAAGTTGTTGCAGTTACTCGTAGTT-CTTTGGGCCTGGACGGGCGGTCCGCC-GGCGTCGTACTGTCTG~TGGGCCTTTCCTCTTGGT-TCGG~T~CCTTTGTTGGGTGCGTCG~-C~G~CTTTTACCTT~-TTA~ 
Ph TATTAAAGTTGTTGCAGTTAGCTCGTAGTTG*CTTTGGGCCTGGACGGTCGGTCCGCCGC~GGCGTTGTACTTTCTG~C~GCCTTTCCTCTTGGT-TCGGCGTGTCCTTCACT~GTGCGTCG~-C~G~CGTTTACCTT~~TTAGA 
Bo TATTAAAGTTGTTGCAGTT~GCTCGTAGTT-CTTTGGGCCTG~CGGGCGGTCCGCCGCMGGCGTTGTACTGTCTGGCCGGGCCTTTCCTCTTGGT-TCGGTGT~CCTTCACT~GTGCATCG~-C~G~CGTTTACCTT~-TTAGA 
Xe TATTAAAGTTGTTGCAGTTAAAARGCTCGTAGTT-CTTTGGGCGTG~CGGGCGGTCCGTCG-GGCGTTGTACTGTCTGGC~GGCCTTTCCTCTT~TGMTCGGCGT~CCTTCACT~GTGCGTCG~-C~G~CGTTTACCTT~-TTA~ 

ESR 
_______~~___________~~________~~______~~~~~~~_________~~~_~_________~~__________~~_~~__________________ 

l t.* * ** l l l t * t t 

SC GTGTTC-GCAGGCCTATCGCCCGMTA~TTAGCATG-TMT-TAGGACGCGCGGTTCTATTTTGTTGGTTTCTA~GTCGCCGTMT~TTMTAG~ACAGTT~G~CATTAGTATT~GTT~TA~ffiT-TTCTTG~TTTACT-~CT 
Ss GTGTTCAMGCAGGCCTATCGCCCWVLTACATTA~TTAG~TG-TMT-TAG~CGCGCGGTTCTATTTTGTTGGTTTCTAGAGTCGCCGTMT~TT~TAGGGACAGTT~GGGCATTAGTATT~GTT~TA~~T-TTCTTG~TTTACT-~CT 
Rh GTGTTCARRGCAGGCCTTTCGCCCGAATACATTACATTAGCATG-T~T~TAGGACGCGCGGTTCTATTTTGTTGGTTTCTA~GTCGCCGTMT~TT~TAG~ACAGTT~GGCATTAGTATT~GTT~TA~GGT~TTCTTG~TTTACT-~CT 
Ch GTGTTC~GUGGCCTTTTGCCCC3rATACATTAGCATG-T~T-TAG~CGCGCGGTTCTATTTTGTTGGTTTTTA~GTCGCCGT~T~TT~TAG~ACAGTT~GGGCATTAGTATTCAGTT~TA~GGT-TTCTTG~TTTACT~~CT 
Go GTGTTCRAAGCAGGCCTTTTGCCCGAATACATTACATTAG~TG-T~T~TAG~CGTGCGGTTCTATTTTGTTGGTTTTTA~GTC~CGT~T~TT~TAG~CAGTTGGGGGCATTAGTATTCAGTT~TA~~T-TTCTTG~TTTACT~~CT 
Px GTGTTCAAAGCAGGCCTTGTGCCCGTATACATTA~ATG-T~T-TAG~CGTGCGGTTCTATTTTGTTGGTTTCTA~GTC~CGT~T~TT~TAGGGACAGTTGGGGG~TTAGTATTCAGTTGCTA~GGT-TTCTTG~TTTACT-~CT 
Pa GTGTTCAAAGCAGGCGTTTCGCCCGAATACATTACATTAGCATGG~T~T-TAG~CGTGCGGTTCTATTTCGTTGGTTTCTA~GTCGCCGT~T~TT~TAGG~~GTTGG~GCATTAGTATTCAGTC~T~GGT-TTCTTG~TT~CT-~CT 
Ph GTGTTCAAAGCAGGCGTTTCGCCCGAATACATTACATTAGCATGG~TMTG-TAG~CGTGCGGTTCTATTTTGTTGGTTTCTA~GTC~CGTMTGATTMTA~~GTTGGffi~ATTCGTATT~GTCGCTA~GGT-TTCTTG~TT~CT-~CG 
BO GTGTTC~GCAGGCGTTTCGCCCWULTACATTACATTAGCATGG~TMT-TAG~CGTGCGGTTCTATTTTGTT~TTTCTA~GTCGCCGT~T~TTMTAGG~~GTTGGGGGCATTAGTATT~G~~TA~GGT-TTCTT~TT~C~~CT 
Xe GTGTT-GCAGGCGTTTCGCCCGAATACATTI\GCATTAGCATGG~T~T-TAG~CGT~GGTTCTATTTTGTTGGTTTCTA~GTCGCCGT~TGATT~TA~~~GTTGGGGGCATTAGTATT~GTCGCTA~GGT-TTCTT~TT~CT~~CT 

04 VI 
_______---_------___~~~______---~~~~______ 

l I l ** *** ** t l 

SC ARCTACTGCGAAAGCATTTGCCIIl\GWLTGTTTTCATT~TC~~CG~GGTTAGGGGATCG-C~T~GATACCGTTGTAGTCTT~~GT~CTATGCC~CTAGGGATCGGGCGACCTCTTTTT~TGTGTC~TCGG~CCTTAC~-T- 

FIG. 3.--Sequence alignments from a portion of the nuclear SrRNA gene. The sequences start 16 bp from the NS3 primer and end 40 bp before the NS4 primer. The U5 
region starts immediately after the sequence shown. A eukaryotic-specific region (ESR) (Gutell et al. 1985) is indicated. Symbols and abbreviations are as in fig. 1. GenBank 
locus numbers (from top to bottom) are M90828, M90829, M90827, M90822, M90823, M90824, M90826, M90825, M90821, and M90830. 
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FIG. 4.-Possible stem structures formed by the V7 region and flanking sequences. The suilloid and boletoid structures show the sequences of Suillus sinuspuulianus and 

Boletus satanas, with bases that differ among members of their respective groups shown in lightface type. Base substitutions in the other taxa within the boletoid and suilloid 
groups are shown in parentheses. Lightface type in the Purugyrodon structure indicates bases that differ from those in the boletoid group. Structures were identified with PCfold2 
(computer program written by Michael Zucker and Daniel Brunelle, National Research Council of Canada, Ottawa) by constraining the flanking conserved regions into the 
structures found in other small-subunit genes. Other structures with similar predicted stabilities also exist. 
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Suillus sinus. 68 Suillus sinus. 

$ Rhizopogon 44~p Rhizopogon 
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L Xerocomus L Xerocomus 

ten substitutions 

Suillus sinus. Gomphidius 

FIG. 5.-Phylogenetic analysis. Trees bases on mitochondrial (A), nuclear (B), and combined (C) 
data sets are drawn to the scale shown. Handling of ambiguous alignments in the mitochondrial gene are 
discussed in the text. Tree A is the consensus of two equally parsimonious trees. Trees B and C are the 
shortest trees found. Topologies depicted in boldface type were present in >99.9% (thickv solid bluck linm) 
or >98% (striped lines) of the trees found in a bootstrap sample of 10,000 trees: numbers indicate the 
percentages of trees in the bootstrap sample that support the indicated branches. Percentages are not shown 
for branches in trees A and B that were supported by ~95% of the trees. The boletoid and suilloid groups 
are indicated along with traditional family classifications: B = Boletaceae; G = Gomphidiaceae; H = Hy- 
menogastraceae; and P = Paxillaceae. Tree D is drawn to a fivefold greater scale; it shows results of a 
bootstrap analysis ( 10,000 replicates) of the unrooted suilloid group. by use of the combined data. This tree 
is also the most parsimonious for either data set alone. PAUP 3.OL was used for all trees, 

confidence, the relationships within the boletoid or the suilloid groups. In both cases 
the ambiguity is not really centered on topology within these groups but, instead, on 
how these topologies are rooted by the rest of the tree. For example, within the boletoid 
group there is only one possible three-taxon tree, but the mitochondrial and nuclear 
data root it differently relative to Purugyrodun, and in neither data set is the topology 
specified with confidence. Similarly, within the suilloid group, both the mitochondrial 
and nuclear data result in a single most parsimonious tree for the five taxa (fig. 5D), 
but the rooting of this suilloid tree relative to Puxillus differs. When the mitochondrial 
and the nuclear data were pooled, statistical support for the internal branch separating 
the two members of the Gomphidiaceae from the other suilloids can be demonstrated 
(fig. 5D), but which taxa are monophyletic remains unresolved (fig. 5C). 

Base-Substitution Biases 

By taking tree C (fig. 5) as our best estimate of the phylogeny, we observed the 
frequency of base substitutions by examining the character-state changes inferred by 
the parsiomony analysis (fig. 6 ). This approach is justified even if tree C is not correct, 
because errors are very likely limited to the shortest branches, as the four longest 
branches are strongly supported by bootstrap analysis and are also congruent between 
the separate gene trees. Rearrangements of topology in the short branches result in 
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Observed and Expected Distribution of Substitutions 
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in sites that change once 
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m expected distribution based on 
base composition of the gene 

FIG. 6.-Observed and expected distributions of substitutions. Observed substitutions are inferred from 
character-state changes on tree C (fig. 5). Expected substitutions were calculated separately for transition 
and transversion by assuming that the probability of observing a particular type of substitution is proportional 
to the frequency of bases involved. Observed values that differ significantly from expected are indicated (x2; 
* =P<O.O5;and** =P<O.OI). 

very minor differences in the number of specific base substitutions. The directionality 
of substitutions would be affected (e.g., C to T vs. T to C), but, because the tree as a 
whole is unrooted, we did not attempt to infer directionality. 

Both the nuclear gene and the mitochondrial gene exhibit a slight bias toward 
transitions, with the nuclear gene appearing slightly more biased (fig. 6 and table 1). 
It has been shown elsewhere, however, that strong transition biases may only be ob- 
servable when sequence divergence is very low. For example, in Drosophila mtDNA, 
a strong bias was observed only among sequences with ~2% divergence (DeSalle et 
al. 1987 ) . To look for evidence of such a strong cryptic bias, we examined substitutions 
among the least divergent portions of the tree (i.e., the suilloid and boletoid groups), 
and we partitioned the changes between sites that were observed to change only once 
and those that were observed to change two or more times. We also determined a 
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Table 1 
Observed and Estimated T Values 

T” (no. of transitions/ 
no. of transversions) 

Nuclear Gene 
Mitochondrial 

Gene 

Observed: 
Entire tree 
Suilloid group only 
Boletoid group only 
Suilloid and boletoid combined 
Among sites observed to change only once 

Maximum-likelihood estimate [95% confidence interval] 

1.7 (45127) 1 .O (100/98) 
10 (10/l) 1.4 (7/5) 
1 (lO/lO) 0.4 (2/5) 
1.8 (20/l 1) 0.9 (9/10) 
1.3 (22/17) 1.2 (69/56) 
1.5 [0.9-2.41 1.3 [l-1.7] 

*Observed ratios are derived from examining inferred character-state changes in tree C in fig. 2. Maximum-likelihood 
estimates were obtained from the top tree in fig. 7A, as described in the text. 95% confidence intervals were determined 
from likelihood-ratio tests. 

maximum-likelihood estimate and 95% confidence interval for the transition/trans- 
version ratio (T) for a subset of six taxa (see below). The only indication that a 
stronger cryptic bias may exist is the 1O:l ratio observed in the nuclear SrRNA se- 
quences within the suilloid group. This particular comparison, however, is the only 
one in which the taxa have -2% sequence divergence; all others are >3%-4% different. 
This latter level can be sufficient to obscure a highly biased T value if the value is 
determined by pairwise comparisons or counting changes inferred from parsimony 
analysis ( DeSalle et al. 1987). The 10: 1 ratio in the suilloid group is significantly 
different (x2; P -c .05 level) from the treewide observed ratio of 1.7 but is not signif- 
icantly different from ratios >, 1.8. This latter value is well within the likelihood estimate 
of T, which should be robust to branch length distortions. 

Among the transitions in the nuclear gene, C-T substitutions predominate. The 
observed ratio of G-A transitions to C-T transitions differs significantly (x2; P < 0.05) 
from that expected from base-compositional biases of the gene (fig. 6). This deviation 
necessitates a strand-specific bias, because C-T transitions that occur on the coding 
strand will appear as G-A transitions on the noncoding strand. 

Our observed C-T bias might be explained in at least three ways: ( 1) a high rate 
of C-T changes could result from deamination of 5-methylcytosine; (2) C-T changes 
in helical regions of the gene may often be selectively neutral, because both C and U 
can pair with G, and thus preserve stems; and (3) by chance, a high percentage of the 
least-constrained sites are occupied by C or T in this region of the nuclear gene. 
Explanation ( 1) is attractive because deamination of methylcytosine is the most fre- 
quent single-base mutation in eukaryotic cells and is implicated in the fungal process 
known as RIP, which results in an extremely high mutation rate in duplicated regions 
(Cambareri et al. 1989). It would also explain why the C-T bias is not seen in the 
unmethylated mitochondrial gene. In order for deamination of methylcytosine to 
account for the observed predominance of C-T transitions on the noncoding strand, 
methylation would have to be either more common on the antisense than on the sense 
strand or, at least, more prone to deamination. However, we examined the distribution 
of potential methylation sites (i.e., CpG dinucleotides) and found the numbers of sites 
to be identical on both strands in the nuclear sequences. If only explanation (2) is 
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correct, it does not explain why the C-T bias is not seen in the mitochondrial gene. 
Both explanation (2) and explanation ( 3) explain why a high percentage of C-T changes 
occur at sites that have changed more than once (fig. 5). Both predict that other 
nuclear regions should not exhibit this bias, at least if they are also not constrained 
by the secondary structure of their RNA products [explanation (2) only]. To test this 
prediction, we examined the partial 28s sequences from Fusarium (Guadet et al. 
1989)) the glyceraldhyde-3-phosphate dehydrogenase genes of Saccharomyces (Smith 
1989), and internal transcribed spacer sequences of Suillus grevillei (Baura et al. 
1992). All three regions contained a strong C-T transition bias on the noncoding 
strand. The bias in these latter examples suggests that a more general mechanism for 
strand bias exists in the nuclear genomes of fungi. Berbee and Taylor (accepted) have 
now confirmed that, within the 18s gene of ascomycetes, the constraints of secondary 
structure are not likely to be the cause of this bias. Initial examination, by Gojobori 
et al. ( 1982), of the substitution patterns in vertebrate pseudogenes revealed just the 
reverse bias: G-A transitions were much more frequent on the noncoding strand. But 
in a later, expanded study this bias disappeared (Li et al. 1984). In any case, both of 
these later studies suggest that the observed C-T bias may be limited to fungi. 

The observed ratios of transversions in the mitochondrial gene also differ signif- 
icantly (x * ; P < 0.0 1) from values predicted from the base composition of the gene 
(fig. 6)) but this departure from expected values is caused exclusively by the high 
frequency of T-A substitutions and the low frequency of G-C substitutions. The de- 
viation becomes much less pronounced if a higher A+T percentage is assumed. At 
85% the deviation is no longer significant at the 0.01 level, and at 90% it is no longer 
significant at the 0.05 level. The most variable regions of the gene (i.e., V7 and V8) 
have base compositions in this range, suggesting that such skewed compositions may 
provide a more appropriate estimate of the random nucleotide replacement pool in 
the mitochondrial gene. 

Rate Differences 

The rate of base substitution is clearly much greater in the mitochondrial gene, 
as evidenced by the branch lengths of the nuclear and mitochondrial trees in figure 
5. This comparison is not entirely appropriate, however, because some regions used 
from each gene have no homologue in the other. When nonhomologous and una- 
lignable regions are excluded (the nonoverlapping regions of the mitochondrial gene, 
the ESR region from the nuclear gene, and the V7 and V8 from both genes), then 
the total lengths of the nuclear and mitochondrial trees are 7 and 129, respectively, 
After correction for the slight difference in number of nucleotides compared, the rate 
difference translates to 16-fold. This value probably underestimates the true difference, 
because parsimony analysis makes no multiple-hit correction. This omission would 
be expected to result in a greater underestimate of the longest (i.e., mitochondrial) 
branches. 

Length mutations were completely ignored in the above rate estimate, but their 
inclusion would further increase the estimated rate difference. No length differences 
were observed in any portion of the nuclear gene, while in the mitochondrial gene 
two regions were rendered unalignable by the frequency of such events (fig. 2). One 
of these regions, the V8 stem, does have a homologue in the nuclear gene. Poor align- 
ment makes accurate estimation of the number of length mutations nearly impossible 
in the V8 region, but it is probably in excess of 15 events (fig. 2). If we restrict the 
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comparison to the same homologous regions used for estimating base-substitution 
rates, then the difference in frequency of length mutations is less pronounced ( 3 : 0). 

Rate Constancy 

If the base-substitution rate were relatively constant in both genes, one would 
also expect the base-substitution ratio between the two to be constant. However, a 
visual comparison of the parsimony-analysis trees (fig. 5A and B) suggests that sig- 
nificant variation has occurred in the relative substitution rates of the mitochondrial 
and the nuclear genes: the longest branches show a large rate difference, while the 
short branches are very similar in length, in both the mitochondrial and nuclear trees. 
The branch leading to Phylloporus is actually longer in the nuclear tree. To examine 
whether this apparent rate variation is real, we used maximum likelihood to estimate 
branch lengths. The advantage of using maximum likelihood is that it is easily adapted 
to the estimation of branch lengths on a known tree, and the parameters used in the 
likelihood model can be altered to assess how robust the conclusions are to assump- 
tions about T and base composition (Felsenstein 198 1). Identical trees produced by 
different assumptions can also be statistically compared by a likelihood-ratio test 
(Felsenstein 1990). 

The tree topology used is shown in figure 7A. Note that several branches within 
the suilloid and boletoid groups were pruned in order to eliminate the problem of the 
undetermined topologies within these two clades and to reduce the computational 
time for the likelihood analyses. The topology of this tree was strongly supported by 
bootstrap analysis of the mitochondrial gene and by congruence between the parsimony 
analyses of the two genes. All regions alignable in both the mitochondrial gene and 
the nuclear gene were used, since the question we were addressing was not the absolute 
rate difference but, rather, the constancy of rates between two fixed (though not strictly 
homologous) regions. For this subset of taxa, the T values that maximized the like- 
lihoods were determined by iteration, and the 95% confidence intervals around these 
maxima were determined by a likelihood-ratio test (Felsenstein 1990). T values de- 
termined in this way were used in the initial likelihood analyses. The results show that 
no single rate line can intersect all points (fig. 7B). Branches 7 and 8 are the only 
statistically significant outliers, but the best estimates for the four shortest mitochondrial 
branches (i.e., 1, 2, 8, and 9) show a mitochondrial/nuclear base-substitution ratio 
of ~1.0, compared with the other branches, rate ratios, which vary from -2 to 10. 
This result is not unique to the likelihood divergence estimates. Pairwise comparisons 
among the same six taxa by means of Kimura’s ( 1980) two-parameter model also 
produce rate ratios that vary from 0.2 to 6.1, and again the shortest branches are the 
only ones with ratios < 1. Parsimony analysis also yields similar results. 

The likelihood branch length estimates are of course dependent on both the value 
of T and the base compositions used. Because the accuracy of our T estimates is 
uncertain for both data sets, and because the appropriate values for base composition 
are unclear in the mitochondrial data, we examined the effect of both parameters on 
branch length. T was found to have no significant effect on the nuclear estimates, but 
higher values of T did cause slightly elevated estimates of the longer internal mito- 
chondrial branch lengths (fig. 7C). Thus the rate variation may actually be underes- 
timated if the mitochondrial value of T is greater than the value chosen in our analysis. 
High A+T values were found to dramatically decrease estimates of the longer mito- 
chondrial branches (fig. 7C), but the overall pattern of rate inconstancy remains the 
same (fig. 7B, bottom). 
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FIG. 7.-Maximum-likelihood analyses. A, Three trees. The top tree was used for most maximum- 
likelihood analyses; its numbered branches are used in the remainder of the figure. The lower two trees were 
used only in tests of the molecular clock (see table 2) and differ by the substitution of Xerocomus for the 
two other members of the boletoid group. B, Maximum-likelihood estimates of mitochondrial expected 
branch lengths and nuclear expected branch lengths, plotted against each other. The dotted lines show the 
ideal rates indicated. The top graph uses empirical base frequencies, while the bottom graph uses a 90% 
A+T value for the mitochondrial estimates. Error bars indicate 95% confidence intervals. Both the rough 
calculated error estimates (terminal attached lines) and a bootstrapped error estimate (unattached or non- 
terminal lines) are shown. The latter was based on a IOO-tree sample generated by SEQBOOT version 3.4 
(J. Felsenstein, personal communication). Only the rough calculated error estimates were obtained for the 
90% A+T values. C, Effects that parameters used have on branch length estimates. 
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The variation in relative rate implies that one or both genes are not evolving in 
a clocklike manner. To examine this possibility, we used a likelihood-ratio test to 
compare the results of likelihood analysis with and without a molecular-clock constraint 
(Felsenstein 1990). In the clock model the tree topology was not constrained, since 
the root of the tree was unknown, but all trees produced by the clock model had a 
topology identical to that used in the nonclock model (see fig. 7A, top). Several com- 
parisons were made for both trees, using different values of T. For the mitochondrial 
gene different A+T contents were also tested. We also combined the data, to see 
whether local inconstancies of one gene would be offset by those of the other. Rejection 
of the likelihood-clock model was possible for the initial tree (fig. 7A, top) under all 
conditions tested, except when an A+T content of 90% was assumed for the mito- 
chondrial gene (table 2). When the two genes were analyzed independently, all clock- 
based trees produced a root along the branch leading to Puxillus. The combined data 
also specified the same root when the mitochondrial site and the nuclear site were 
treated as a single class (i.e., a mitochondrial/nuclear base-substitution ratio of 1). 
When the combined data were analyzed with a two-rate-class model having a mito- 
chondrial/nuclear base substitution ratio of 4: 1, the root shifted slightly, to branch 5 

Table 2 
Tests of Likelihood Molecular-Clock Model under Various Conditions 

LIKELIHOOD VALIJE~ 

TEST PARAMETERS’ 
Without With 

Clock Clock 
REJECTION OF 

CLOCK= 

Mitochondrial tree T: 
T = 1.3; empirical base frequency 
T = 1.3; 10% A + T ................. 
T= 1.3;80%A+T ._.,_._.,. ................. 
T= 1.3;90%A+T .._...... ................. 

T = 10; empirical base frequency 
Mitochondtial tree M: 

T = 1.3; empirical base frequency 
Nuclear tree T 

T = 1.5; empirical base frequency 
T = 10; empirical base frequency 

Nuclear tree M: 
T = 10; empirical base frequency 

Nuclear tree B: 
T = 10; empirical base frequency 

Combined, tree T: 
T = 1.5; empirical base frequency 
Single-rate-class model (mitochondrial/nuclear = 1) 
Two-rate-class model (mitochondrial/nuclear = 4p 

- 1,283.34 -1,291.03 
-1,294.56 -1,301.84 
-1,331.45 -1,338.61 
-1,446.20 - 1,449.77 

-1.347.93 

- 1,292.16 

- 1,060.44 
-1,082.73 

-1,012.30 -1,013.72 No (P > 0.5) 

-1,072.63 

-2,410.91 -2,422.9 1 Yes(P<O.OOl) 
-2,410.91 -2,572.90 Yes (P < 0.001) 

- 1.354.93 

-1,303.51 

-1,065.60 
- 1.087.98 

- 1,076.80 

Yes (P < 0.01) 
Yes (P < 0.01) 
Yes(P<O.Ol) 
No (0.25 > P 

> 0.1) 
Yes (P < 0.01) 

Yes (P -e 0.001) 

Yes (P < 0.05) 
Yes (P i 0.05) 

No(O.1 >P 
> 0.05) 

’ Tree letters T, M, and B refer to top, middle, and bottom trees, respectively, in fig. 7A. 
b Calculated with DNAML and DNAMLK programs from versions 3.3 of PHYLIP (Felsenstein 1990). 
‘Likelihood-ratio test with 4 degrees of freedom, as described in the PHYLIP manual (Felsenstein 1990). 
d Ratio chosen from fig. 78. 
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near the node leading to Puxillus. Other roots were not tested but would result in a 
lower likelihood and, therefore, in a stronger rejection of the clock model. 

Our initial rate comparison (fig. 7B) identified the branches leading to the boletoid 
group (i.e., branch 7) and Phylloporus (i.e., branch 9) as the only significant outliers. 
To examine whether the source of this variation was mitochondrial or nuclear, we 
compared the internal rate constancy of these two branches by a relative-rate test. If 
rates are constant within the trees, then branch 7 should equal the difference of branches 
6 and 9 or of branches 6 and 8, and branch 9 should equal branch 8. When these 
comparisons were made using the likelihood estimates (fig. 7B), branch 7 was found 
to be -2.4-2.8-fold longer than expected, in the mitochondrial tree, and branch 9 
was found to be 6.4-fold longer than expected, in the nuclear tree. It is relatively simple 
to test whether the rate acceleration seen in branch 9 of the nuclear tree is the primary 
reason for the rejection of the clock. This can be done by substituting an excluded 
member of the boletoid group (i.e., Xerocomus) for Phylloporus, in the likelihood 
analyses. When this was done with the nuclear tree, the results showed that the clock 
model and the nonclock model yielded very similar likelihood values and, thus, that 
rejection of the clock is no longer possible (table 2). In the mitochondrial tree the 
substitution of this taxon does not change the rejection of the likelihood clock, thus 
demonstrating that the effect is caused by an acceleration of the nuclear substitution 
rate in Phylloporus. Unfortunately, the effect of the nuclear rate acceleration in Phyl- 
loporus is not independent of which boletoid member it is paired with. When Xero- 
cornus is substituted for Boletus (table 2)) the significance of the clock deviation drops 
below the 95% level, although not very far below it. 

In spite of both the rejection of the likelihood-clock model under a variety of 
parameters and the sensitivity of branch length estimates to both base composition 
and T, we found that all of the maximum-likelihood trees produced with the clock 
model were topologically identical to the subset tree produced from parsimony analysis. 
This result reinforces Fukami-Kobayashi and Tanteno’s ( 199 1) study that showed 
that the topology of likelihood trees is relatively robust to different input parameters, 
even though branch length estimation is not. 

Discussion 

The higher rate of mitochondrial base substitution seen in these fungi is remi- 
niscent of that observed in animals (Brown et al. 1982) but contrasts with the slow 
rate found in plants (Wolfe et al. 1987). However, the question of whether the difference 
in substitution rates in these highly constrained genes parallels differences in the neutral 
mutation rates remains to be determined. In any case, the fast mitochondrial rRNA 
rate has at least two practical implications. First, for those interested in phylogenetic 
analysis of fungi, the mitochondrial rRNA genes may provide a better choice than 
nuclear rRNA genes, for addressing questions at intermediate levels of divergence. 
Second, for those addressing questions of very deep divergence, the mitochondrial 
gene may well be out of range. The relatively deep levels of divergence found within 
the “universal” regions of the gene suggest that many of the variable positions within 
these regions are likely to be saturated by multiple substitutions when more distantly 
related organisms are compared. The inherent noise resulting from saturation may 
well explain how the same data can be differently interpreted with respect to the 
question of mitochondrial origins (Gray et al. 1984; Van de Peer et al. 1990). 

What is the basis of the higher mitochondrial substitution rate in fungi? Differences 
in both mutation and fixation rates can clearly contribute. The latter could be a function 
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of reduced constraints, owing to the more limited function of the mitochondrial ri- 
bosome and its removal from the selection of the “error catastrophe loop”-negative 
feedback of translation errors into DNA replication and repair (Wilson et al. 1985). 
The observation that even the so-called universal regions of the mitochondrial gene 
appear to change rapidly fits well with a model of reduced constraints, although faster 
mutation rates cannot be eliminated as a factor. Differences in the mode of transmission 
could also have an impact. The apparently uniparentally inherited mitochondrial gene 
would be more prone to both reduction in diversity and acceleration in rate of molecular 
divergence, via bottlenecks (DeSalle and Templeton 1988). Even though recombi- 
nation can occur in fungal mitochondrial genomes, concerted evolution might be 
rather different from that in the nuclear rDNA, because the multicopy mitochondrial 
genomes are easily compartmentalized into separate mitochondria and are segregated 
mitotically. 

Rate variability seems to have at least two components in these genes. The most 
significant component involves large rate differences in specific branches: branches 7 
and 9 in the mitochondrial and the nuclear tree, respectively. In the case of the nuclear 
gene we have shown that the rate acceleration in branch 9 is the primary cause for 
rejection of the likelihood-clock model. Other lineage-specific rate variations, of similar 
magnitude, have been noted elsewhere ( Li et al. 1987 ) . The reasons for these variations 
in branches 7 and 9 remain unknown, but, whatever their causes, the two genes clearly 
responded to them differently. 

Rejection of the likelihood clock and rejection of the molecular clock are not 
necessarily synonymous. The likelihood-clock model requires that the expected branch 
lengths be equal among all lineages, from the root to the tips of the tree. This model 
is rejected if the nonclock model yields a likelihood that is 2 standard deviations 
greater. The likelihood-ratio test of the clock also assumes equal rates of evolution at 
all sites. Variation in nucleotide sequences is known to be greater than would be 
expected from a Poisson distribution (Langley and Fitch 1974). Differing interpre- 
tations of this observation may accommodate constant rates (Gillespie and Langley 
1979). As a result, adherents of the molecular clock have long accepted a “looser” 
clock (Wilson et al. 1977). The relative-rates variation, between the nuclear gene and 
the mitochondrial gene, that is seen in our data (fig. 7B) shows that, even if one is 
not willing to reject the molecular clock, times derived from divergence estimates of 
these sequences may be virtually worthless. 

The second part of the variability involves a consistent inconstancy: shorter 
branches appear to have greater nuclear divergence, while longer branches appear to 
have much greater mitochondrial divergence. This pattern suggests that at least this 
part of rate inconstancy is artifactual. The work of Palumbi ( 1989) suggests a possible 
source of the artifact, one that is consistent with the idea of reduced constraint in the 
mitochondrial genes. Palumbi showed that, even if the rate of change is constant in 
two genomes, the ratio of divergence between them can vary directionally over time 
if the percentage of positions free to vary differs between the genomes compared. His 
example is based on animals, where the faster mutation rate in the mtDNA initially 
results in a higher rate of divergence for that genome. Because there are fewer positions 
free to vary in mtDNA, nuclear divergence becomes greater than mtDNA divergence, 
when more distantly related organisms are compared. To apply Palumbi’s explanation 
directly to these fungal SrRNA genes, we would have to postulate that the rate of 
sequence divergence in the nuclear gene is actually greater than that in the mitochon- 
drial gene-but that the number of positions free to vary is much lower in the nuclear 
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gene. The faster nuclear rate, which is necessary for this interpretation, could be an 
artifact resulting from the particular portions of the two genes used. Recall that in 
these comparisons the most variable regions were omitted from the mitochondrial 
gene (i.e., V7 and V8) but were included in the nuclear gene (i.e., ESR and V8). 

A problem with the above explanation is that the likelihood analysis should have 
corrected for saturation. One reason that it may not have done so is that different 
classes of sites would be expected to saturate at different times (fig. 8)) but the model 
we used treated all sites as a single class. In view of the well-recognized differences in 
conservation of various regions of rRNA (Gray et al. 1984; Gutell et al. 1985; Sogin 
and Gunderson 1987), a single-rate-class model is clearly unrealistic. We have avoided 
a multiple-rate-class model, however, because of the difficulty associated with defining 
both the classes and the relative probabilities of substitution between classes. 

Time 
FIG. I.-Effect of different rate classes on idealized divergence for clocklike molecules. A, Observed 

divergence curves. The top curve is the divergence of a molecule made up of the three different rate classes. 
The divergences of the individual classes are shown below the top composite curve. In this model the three 
classes made up IO%, 20%, and 70% ofthe sites and evolved at relative rates of 100 X, 30 X, and 1, respectively. 
B, Expected curve for a one-rate-class molecule over the same levels of divergence as in A. In the three-rate- 
class model, saturation effects dominate the curve shape at low levels of divergence, and linearity occurs 
only after the faster classes saturate. 
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Most who have compared rRNA divergence with time have not seen the level of 
inconstancy that we are reporting (Hasegawa et al. 1985~; Ochman and Wilson 1987; 
Wolfe et al. 1989; Mindell and Honeycut 1990). What is the difference? It could be 
caused by some unique aspect of the likelihood test, but the relative-rate variation 
seen (fig. 7) is not unique to likelihood; it also is apparent in pan-wise-distance com- 
parisons and in parsimony analysis. Furthermore, likelihood models incorporating a 
molecular clock have been used, by others (Hasegawa et al. 198%; Li and Tanimura 
1987), without yielding gross rate differences. A more plausible explanation is that 
the inconstancy is correlated with the low divergence levels surveyed in our study. 
Two other studies of rRNA have focused on low to moderate levels of divergence, 
and both show significant rate variability. The analysis of 18s rRNAs in Candidu, by 
Barnes et al. ( 199 1)) covers several low to intermediate ranges of divergence in fungi. 
Although rate variation was not specifically tested, an examination of their tree reveals 
two species, C. lusitaniae, and C. krusei, that occupy intermediate positions and appear 
to have greatly accelerated rates of evolution relative to their neighboring branches in 
the tree. Hixson and Brown’s ( 1986) study of mitochondrial 12s rRNA in primates 
also spans low to moderate levels of divergence. By comparing these rates with those 
of other mitochondrial genes, they found that divergence was not linear but, instead, 
appeared to be the sum of a bi- to multicomponent rate. 

Langley and Fitch ( 1974) noted, in protein genes, a correlation between low 
divergence and high deviation from clocklike behavior. They speculated that, if rates 
of molecular evolution change, over time, within a bounded range, then one might 
expect shorter time spans to show greater deviations from the average rate, while 
longer time spans would tend to average out such deviations. In comparisons of rRNA 
genes a low divergence level may be more variable for an additional reason. When 
more distantly related organisms are compared, the most variable portions of the 
genes become unalignable and are therefore excluded. These exclusions result in fewer 
classes of sites in the molecule and, perhaps, in a more uniform rate as measured by 
single-rate-class models. Furthermore, highly variable sites that are not excluded are 
likely to be saturated in comparisons of distantly related organisms, so that most or 
all branch lengths would be derived from the more linear portions of the composite 
rate curve (fig. 8). Taken together, these inferences suggest that, at lower levels of 
divergence, treating rRNAs as though all sites have an equal probability of change 
may introduce systematic errors into divergence estimates. 
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