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Summary. Phylogenetic relationships within the 
class Oligohymenophorea, phylum Ciliophora, were 
investigated by determining the complete small sub- 
unit rRNA (SSrRNA) gene sequences for the hy- 
menos tomes  Colpidium campylum, Glaucoma 
chattonL and the peritrich Opisthonecta henneguyi. 
The affiliations of  the oligohymenophoreans were 
assessed using both distance matrix (DM) and max- 
imum parsimony (MP) analyses. Variations do exist 
in the phylogenies created by the two methods. 
However, the basic tree topologies are consistent. 
In both the DM and MP analyses the hymenostomes 
(C. campylum, G. chattonL and the tetrahymenas) 
all form a very tight group associated with the per- 
itrich O. henneguyi. The Tetrahymena lineage was 
monophyletic whereas Colpidium and Glaucoma 
were more closely related to each other than either 
was to the tetrahymenas. The monophyly of  the 
genus Tetrahymena in the present analysis supports 
the phylogenies determined from morphological data 
and molecular sequence data from the histone H3IU 
H4II region of  the genome. The perplexing and con- 
troversial phylogenetic position of  the peritrichs is 
once again depicted in the present analysis. The dis- 
tinctiveness of  the peritrich Opisthonecta from both 
hymenostome and nassophorean ciliates based on 
evolutionary distances suggests that the elevation of  
the peritrichs to a higher taxonomic rank should be 
reconsidered. 
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Introduction 

Corliss (1974) divided the history of  ciliate system- 
aries into four distinct periods: (1) the Age of  Dis- 
covery (1880-1930); (2) the Age of  Exploitation 
(1930-1950);(3) the Age of  Infraciliature (1950- 
1970); and (4) the Age of  Ultrastructure (1970-pres- 
ent). In all these periods there was both an increase 
in the number of  species being discovered and also 
advancements and improvements in techniques. In 
each period this new information was assessed and 
interpreted in light of  the past classification schemes, 
which were altered to accommodate the new data. 
The refinement in ultrastructure studies (e.g., Bar- 
dele 1980; Eisler 1988, 1989) and the use of  mo- 
lecular techniques to acquire genome information 
on ciliates (Allen and Li 1974; Elwood et al. 1985; 
Van Bell 1985; Sogin et al. 1986a,c; Baroin et al. 
1988; Lynn and Sogin 1988; Nanney et al. 1989a,b; 
Preparata et al. 1989; Brunk et al. 1990; Greenwood 
et al. 1991) have allowed us to question relation- 
ships proposed using data acquired from earlier 
techniques. This may have already lead us into a 
new period of  ciliate systematics, the fifth period, 
the Age of  Refinement in which we will solidly es- 
tablish phylogenetic relationships within the phy- 
lum Ciliophora. 

The use of  the polymerase chain reaction (PCR) 
and its application to phylogenetic studies ofprotists 
(Medlin et al. 1988; Brunk et al. 1990) finally pro- 
vides us the opportunity to acquire molecular se- 
quence information from species that are not easily 
cultured in the lab. However, prior to pursuing these 
more enigmatic species.,'lt is logical to construct a 
phylogenetic framework in which to evaluate these 
oddities. The significance and effectiveness of  se- 
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q u e n c e  d a t a  a t  e l u c i d a t i n g  r e l a t i o n s h i p s  s h o u l d  first  
b e  e v a l u a t e d  t h r o u g h  a n a l y s i s  o f t a x a  in  w h i c h  m o r -  
p h o l o g i c a l  p h y l o g e n e t i c  i n f o r m a t i o n  a b o u n d s ,  for  
e x a m p l e ,  t he  o l i g o h y m e n o p h o r e a n  c i l ia tes .  T h e  
g rea t e s t  c o n c e n t r a t i o n  o f  effor t  on  t a x a  in  the  c lass  
O l i g o h y m e n o p h o r e a  has  b e e n  p l a c e d  o n  the  r e l a -  
t i o n s h i p s  w i t h i n  the  genus  T e t r a h y m e n a ,  w h i c h  h a v e  
b e e n  e x p l o r e d  r e c e n t l y  u s ing  v a r i o u s  m o l e c u l a r  
t e c h n i q u e s  r ang ing  f r o m  D N A / D N A  h y b r i d i z a t i o n  
to  t he  e v a l u a t i o n  o f  r e l a t i o n s h i p s  b a s e d  o n  nuc l e i c  
a c i d  s e q u e n c e  d a t a  (A l l en  a n d  Li  1974; V a n  Bell  
1985; Sog in  et  al.  1986a;  B a r o i n  et  al.  1988; N a n n e y  
et  al.  1989a ,b ;  P r e p a r a t a  et  al.  1989; B r u n k  et  al.  
1990). 

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 s  o f  o t h e r  m e m b e r s  
o f  t he  c lass  O l i g o h y m e n o p h o r e a  to  t he  genus  Tet-  

r a h y m e n a ,  a l t h o u g h  i n v e s t i g a t e d  t h r o u g h  c lass ica l  
t e c h n i q u e s  ( L y n n  a n d  D i d i e r  1978; Peck  1978), h a v e  
o n l y  r e c e n t l y  b e e n  i n i t i a t e d  us ing  m o l e c u l a r  m e t h -  
ods .  M o l e c u l a r  s e q u e n c e  i n f o r m a t i o n  f r o m  the  c o m -  
p l e t e  5S r R N A ,  5.8S r R N A  ( V a n  Bel l  1985; N a n n e y  
et  al.  1989a) ,  t he  p a r t i a l  s m a l l  s u b u n i t  r R N A  ( L y n n  
a n d  Sog in  1988),  a n d  the  p a r t i a l  la rge  s u b u n i t  r R N A  
( N a n n e y  et  al. 1989a ,b ;  P r e p a r a t a  et  al .  1989) o f  the  
h y m e n o s t o m e  g e n e r a  C o l p i d i u m  a n d  G l a u c o m a  has  
b e e n  co l l ec t ed ,  wh i l e  a d d i t i o n a l  i n f o r m a t i o n  fo r  the  
genus  G l a u c o m a  exis t s  f r o m  P C R - a m p l i f i e d  seg- 
m e n t s  n e a r  t he  h i s t o n e  H 3 I I / H 4 I I  r eg ions  o f  t he  
g e n o m e  ( B r u n k  et  al.  1990). T h i s  n e w  i n f o r m a t i o n  
s h o u l d  e n a b l e  us  to  tes t  i d e a s  o f  aff ini t ies  b e t w e e n  
t a x a  a n d  m a y  h a v e  d i r e c t  i m p a c t  o n  c h a n g i n g  the  
c lass i f i ca t ion .  

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 s  w i t h i n  t he  c lass  
O l i g o h y m e n o p h o r e a  a r e  e x p l o r e d  he re  b y  s e q u e n c -  
i ng  the  c o m p l e t e  S S r R N A  genes  f r o m  the  h y m e -  
n o s t o m e s  C o l p i d i u m  c a m p y l u m  a n d  G l a u c o m a  

chat tonL a n d  the  p e r i t r i c h  Opis thonec ta  henneguy i .  
T h e  a f f i l i a t ion  o f  t he  o l i g o h y m e n o p h o r e a n s  wi l l  b e  
d i s c u s s e d  b y  c o m p a r i n g  p h y l o g e n i e s  o f  r R N A  se- 
q u e n c e  d a t a  us ing  b o t h  d i s t a n c e  m a t r i x  ( D M )  a n d  
m a x i m u m  p a r s i m o n y  (MP)  ana lyses ,  w i t h  t h r e e  
c o n t e m p o r a r y  c l a s s i f i ca t i on  s c h e m e s  (Cor l i s s  1979; 
S m a l l  a n d  L y n n  19 8 l ,  198 5; d e  P u y t o r a c  et  al.  19 8 7). 

Materials and Methods 

Extraction and purification of nucleic acids from cultures of the 
following species, C. campylum, G. chattoni (original culture ob- 
tained from G.G. Holz, Jr.), and O. henneguyi [American Type 
Culture Collection (ATCC) 30600] were performed as previously 
described (Elwood et al. 1985; Lynn and Sogin 1988). 

PCR gene amplification of purified ciliate DNA was accom- 
plished using a Perkin-Elmer/Cetus DNA thermal cycler as pre- 
viously described (Medlin et at. 1988; Greenwood et al. 1991). 
After 30 cycles of amplification, the DNA products were checked 
for the proper size by electrophoresing a sample [5 ~1 of sample 
+ 5 td of LT buffer (10mM Tris pH 7.5, 10 mM NaC, 0.5 mM 
EDTA) + 5/~1 of stop dye marker] on a 2% Agarose gel against 

a 1-kb BRL (Bethesda Research Labs) marker and a sample of 
Tetrahymena tropicalis PCR-amplified ribosomal DNA (rDNA: 
size 1.8 kb). PCR-amplified rDNA samples were digested with 
the restriction enzymes Sal I and Barn HI (Bethesda Research 
Labs and/or Promega) to facilitate forced orientation cloning into 
M13. The rDNA was then ligated using T4 ligase (Bethesda Re- 
search Labs) into the RF of M 13rap 18 or M 13mp 19 (Maniatis 
et at. 1982). Recombinant M 13 vectors containing the SSrRNA 
gene were then used to transform Escherichia coli JM 109. Single- 
stranded templates for directing DNA synthesis in the sequencing 
protocol were then prepared (Messing 1983). The SSrRNA genes 
were sequenced using the Sanger dideoxynucleotide chain ter- 
mination sequencing protocol (Sanger et al. 1977) modified for 
use with the MI3 vector system by Messing (1983). 

Phylogeny Construction. Sequences were aligned using a pro- 
cedure that considers the conservation of both the primary and 
secondary structure for phylogenetic reconstruction (Elwood et 
al. 1985). In the distance matrix analysis, sequence information 
was reduced to approximately 1400 unambiguously aligned po- 
sitions for comparisons of the phylum Ciliophora in relation to 
other eukaryotes. In the maximum parsimony analysis only 15 
sequences were used in the analysis (14 ciliates and the dinofla- 
gellate Prorocentrum micans). For this reason an attempt was 
made to align all unambiguous nucleotide positions for the data 
set. Sequences were aligned using the Eyeball Sequence Editor 
(ESEE) version 1.09d (Cabot and Beckenbach 1989). 

Sequence data used in the alignments were from: rat, Rattus 
norvegicus (Chan et al. 1984); brine shrimp, Artemia salina (/genes 
et ai. 1984); corn, Zea mays (Messing et at. 1984); the chloro- 
phyte, Chlamydomonas reinhardtii (Gunderson et al. 1987); the 
chytridiomycete, Blastocladiella emersonii (Sogin, unpublished); 
yeast, Saccharomyces cerevisiae (Rubtsov ct al. 1980); the bread 
mold, Neurospora crassa (Sogin et al. 1986b); the oomycete, Ach- 
lya bisexualis (Gunderson et al. 1987); the chrysophyte, Ochro- 
monas danica (Gunderson et al. 1987); the dinoflagellate, 1". mi- 
cans (Herzog and Maroteaux 1986); the ciliate, Blepharisma 
americanum (Greenwood et al. 199 I); the ciliate, Colpoda inflata 
(Greenwood et al. 1991), the ciliate, Euplotes aediculatus (Sogin 
et al. 1986c); the ciliate, Oxytricha nova (Elwood et al. 1985); 
the ciliate, Oxytricha granulifera (Schlegel et al. 1991); the ciliate, 
Onychodromus quadricornutus (Schlegel et al. 1991); the ciliate, 
Stylonychia pustulata (Elwood et at. 1985); the ciliate, Parame- 
cium tetraurelia (Sogin and Elwood 1986); the ciliate, Tetrahy- 
mena hegewischi (Sogin et al. 1986a); the ciliate, Tetrahymena 
thermophila (Spangler and Blackburn 1985); the ciliate, Tetra- 
hymena pyriformis (Sogin et al. 1986a); the slime mold, Dic- 
tyostelium discoideum (McCarroll et at. 1983). 

Distance Matrix. Aligned sequences were analyzed using a 
DM (least-squares) method in which calculations of structural 
(sequence) similarity and evolutionary distance incorporate the 
Jukes and Cantor (1969) correction to estimate unobserved nu- 
cleotide substitutions. Phylogenetic trees were constructed by an 
additive tree method that determines the tree geometry and the 
branch lengths that best fit the evolutionary distance data (Olsen 
1988). 

Maximum Parsimony. The MP algorithm employed for the 
present analysis was developed by Moore et al. (1973) for amino 
acid sequences. The program was modified by Czelusniak et al. 
(1982) for nucleotide sequence data. 

The parsimony algorithm required an initial tree input that 
can be any branch arrangement linking the contemporary se- 
quences (species). From the initial tree branching order the num- 
ber of fixed mutations or nucleotide replacements (NR) separat- 
ing any two contemporary sequences was calculated. The algorithm 
then proceeded from the contemporary species at the exterior 
nodes of the tree and descended down the tree toward the root, 
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Tetmhymena hegea4ach[ 
Tetrahymana thennophi/a 
Colpidium campylum 
Glaucoma chattoni 
Opisthonecta henneguyi 
Paramec/um ~etraure/ia 

Co/poda in//ata 

/ 
/ 

/ /  

t. 

" ~ / ~  ~ Blepharisma amer/canum 
~ .  ~ Euplotes aedicu/atus 

~. ~ On.~hodromus quadr/cornutus 
~ ~  5?ylonych/a puslulata 

Oxylrlcha granu/ifora 
Ox~dficha nova 

Prorocantrum micans 

Fig. 1. The classical ciliate tree of Corliss (1979). No signifi- 
cance is placed on the lengths of the branches connecting species. 

//• Tetrahymena hegevr 
Tegrahyrnena ~errnoph/Ta 

/ Colpidium campylum 
Glaucoma chattoni 

- -  OpiMhonecta honneguyl 

1- Paramecium tetrnurelia 
~ ~ Euplotes aedlculatus 

Colpoda /nlla/a 

~ ~ .  Blophadsma amancanum 
Onychodromus quaddcomutus 

�9 ~ ~ - - ~ S ~ , l o n y c h / a p u M u l a t a  

 ;727SL_ 
Fig. 2. The Small and Lynn (1981, 1985) ciliate tree indicating 
a proposed close relationship of the hypotrich Euplotes to the 
nassophorean Paramecium. No significance is placed on the 
lengths of the branches connecting species. 

calculating the NR score separating adjacent nodes. The sum of 
all the NR scores for the individual links separating nodes on 
the tree was the total tree length. The maximum parsimony al- 
gorithm used an iterative approach in which local branch swap- 
ping or nearest-neighbor single step changes (NNSSC) were made 
on the initial tree in order to determine the lowest NR score 
(Goodman et al. 1979; Czelusniak et al. 1990). The algorithm 
terminated when it failed to find a tree with a lower NR score. 

The procedure involved constructing starting trees with dif- 
ferent phylogenetic possibilities and therefore different NR scores 
(Goodman 1981). The SSrRNA sequence data permitted testing 
of previous morphological and molecular phylogenies by using 
the MP analysis. Four initial starting trees were used. The first 
tree (Fig. 1) used the classical ciliate phylogeny of Corliss (1979), 
in which Colpidium, Glaucoma, Opisthonecta, Paramecium, and 
Tetrahymena are grouped within the class Oligohymenophora 
(sensu Corliss 1979). In Corliss' scheme the hypotrich Euplotes, 
the heterotrich Blepharisma, and stichotrichs, Onychodromus, 
Oxytricha, and Stylonychia are grouped in the class Polyhyme- 
nophora. The only variation to the Corlissian scheme was the 
placement of  Colpoda in close relationship to the oligohyme- 
nophoreans rather than in a separate class Kinetofragminophora 
(Fig. 1). The second tree used a branching order similar to the 
above tree except that the hypotrich Euplotes was grouped with 

/ 
/ / / 

\ Pt~ocentmm m/cans 

Fig, 3, The Lynn and Sogin (1988) ciliate tree constructed from 
partial and complete SSrRNA sequence comparisons. No sig- 
nificance is placed on the lengths of the branches connecting 
species. 

Tetrahymena hegewlsctd 
Tet/ahymena thermoph//a 
Co/p/dlum campylum 
Glaucoma chattonl 
OlYsthonecta henneguy/ 
Pammec/um te~raure//a 
Co/poda Inflata 

Eup/otes aed/culatua 
Onychodromua quaddcomutus 

- -  S~/Ionych/a pustulata 
Oxy~/cha granu//fera 
Ox~,tcha nova 

B/ephadsma amedcanum 

O~sU~necta henneguyt 

~ Teb=hymene hegew~chl 
Tetr~jawana ~em~ehi~ 
~ l u m  cempy~m 
Glaucoma chatto~ 

t I 
.02 

O , ~ y ~ c l ~  granul~m 
Ox~'icha nova 
S~chla pustu/am 
~ u s  quaddco, nut~ 

Pmroce,'n~z,w~ m ~  

Co lpoda  In#am 

B/a~sma ame#canum 

P a / ~ n e c l u m  te~utelia 
Eup/otes aediculatus 

Fig. 4 Ciliate phylogeny inferred from 14 complete SSrRNA 
sequences employing UPGMA. The evolutionary distances sep- 
arating species on the tree were determined from unweighted 
sequence similarities using the Jukes and Cantor (1969) correc- 
tion, The horizontal distance separating species represents the 
evolutionary distance. 

Paramecium in the class Nassophorea (Small and Lynn 1981, 
1985) (Fig. 2). The third tree used the branching order determined 
by Lynn and Sogin (1988) from partial and complete ciliate 
SSrRNA sequences (Fig. 3). The heterotrich Blepharisma was 
placed as a separate deeper lineage within the tree in order to 
test the relationship between the hypotrichs and heterotrichs, 
which were proposed by Small and Lynn (1981, 1985) to be sister 
groups within the class Spirotrichea. The fourth tree (Fig. 4) was 
constructed by an unweighted pair group method using arithmetic 
averages (UPGMA), which incorporates the Jukes and Cantor 
(I 969) correction for evolutionary distances calculated from the 
SSrRNA sequence data set used in the parsimony analysis. The 
U P G M A  method is constrained by the requirement that the pair- 
wise distances be ultrametric. Therefore, an ultrametric tree re- 
lating the taxa assumes that all descendants be equidistant from 
the root of the tree (or common ancestor). Because genes do not 
diverge uniformly in all lineag/es, the evolutionary distance es- 
timates cannot be ultrametrie:. This results in systematic errors 
introduced into the phylogenetic tree based on the sensitivity of  
the UPGMA method to differences in evolutionary rates between 
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O.he~-~guyl 

r 

T.therrnophila 

O.het~l~g~p~l 

G.cha t ton i  

C.campytum 
T.therm~iLs 

O,henneguyl 
G.chattonl 
C.campytum 
T.thermof~ita 

O.herweguy~ 
G.cha~ont  

C .ce~y tum 

~.therm~hila 

O.hennegLP/I 

G.chattoni 
C.campyLum 
T.thermophiLa 

O.henneguyl 
G.chat ton i  

C.campy[um 
T.thermophiLa 

O.he~eguy l  

G.chattonJ 

C . c a m p y t u m  

T.thermo~iLa 

aaec tgg t tg  ztcctgeca9 tAGTCATATG CTTGTCTTAA AGATTAATCC ATGCATGTGT AAGTATAAGT ATTGTACAGC ~ C T G C ~  ATGGCTCATT 100 

aacc tgg t tg  atcctgccag tTA-CATATG CTTGTCTTAA ATAITMCCC ATGCATGTGC CAGT-TCAGT ATTGAACAGC GAAACTGAGA ATGGCTCATT 98 

aacctggttg atcctgccag tTA-CATATG CTTGTCTTAA ATATTAACCC ATG~ATGTGC CAGT-TCAGT ATTGAACAGC GAAACTGCGA ATGGCTCATT 915 

AACCTGGTTG ATCCTGCCAG TTA-CATATG CTTGTCTTAA ATATTAACCC ATGCATGTGC CAGT-TCAGT ATTGAACAGC Cu~ACTGCGA ATGGCTCATT 98 

ACATCAGTTA TAATTTATTT GATAATCGAA AGTTACATGG ATAACCGTGA CAAATT--AC AGCTAATACA TGCAGTC-AG ACCTGGTCCA AGGGT . . . . .  192 

A/~ACAGTTA TAGTTTATTT GATAATTAAA GATTACATGG ATA~CCC~GC T-A~TTGTTG GGCTAATACA TGCTTAJ~AT TCCGTGTCCT GCGACCGCd~ 197 

AAAACAGTTA TAGTTTA~TT GATAATTAAA s ATAACC~d~GC T-/LATTGTTG GC~T~TACA TGCTTAAAAT TCC~T~TCCC GTC~CCGGAA ~gT 

/ULAACAGTTA TAGTTTATTT GATAATTAJU~ GATTACATGG ATAAr T-AATTGTTG GGCTAATAC_~ TGCTTkJU~T TCCGTG~CCT GCGACCGGAA 19T 

CGTAATTATT AG-TATTAAA CCATTT-CCG C/LkGGAG--T GTGATGAATC ATAATAATCG AACCdLATCGC CTGTTGTG-C GATAAATCAT TCAAGTTTCT 287 

CGTATTTATT AGATATTA~ CCAATCGCAG CAATGTGATT GAGATGAATC AAAGTAACTG ATCGAATCGT AGCTTGCTAC GATAJU~TCAT CTAAGTTTCT 297 

CGTATTTATT AGATATTAGA CCAATCGCAG CC~TGTGATT GAGATGATTC AAAGTAACTG ATCGAATCGT AGCTTGCTAC GATA~TCAT CTAAGTTTCT ~97 

CGTATTTATT AGATATTAGA CCAATCGCAG CAATGTGATT C~kGATGAATC AAAGTAACTG ATCGGATCGA GGTTTACCTC GATAAATCAT CTAAGTTTCT 297 

GCCCTATCAG CTTTCGATCG TAGTGTATTG GACTACCA-T GGCAGTCACG GGTAACGGAG AATTAGGGTT C-GATTCCGG AGAGGGAGCC TGAGAAACGG ~ 

GCCCTATCAG CTCTCGATGG TAGTGTATTG GACTACCA-T GGCAGTCACG C~AJ~CGGAG AATTAGGGTT C-GATTCCGG AGAAGGAGCC TGAGAAACGG 395 

GCCCTATC~G C~CTCGATGG TAGTGTATTG GACTACCAGT GGCAGTCACG GGTAACGGAGJULTTAG~GTT CCGATTCCGGACJLAGGAGCC TGAGAAACGG 397 

GCCCTATCAG CTCTCGATGG TAGTGTATTG GACTACCA-T GGCAGTCACG GGTAACGGAG AATTAGGGTT C-GATTCCGG AGAAGGAGCC TGAGAAACGG 395 

CTACCACATC TACG~AA-GG CAGCAGGAGC C~U~ATTGCC CAATCCCGAC ACGGGC~GGC AGTGACGAGA AATAACAACT CTTGGTTATT CTAAC~LAGT- 

CTACTACAAC TACGGTTTGG CAGCAGGGAA GAJU~ATTGGC CAATCCTAAT TCAGGGAGCC AGTGAC~GA AATAGCAGAC C-GGGA~CT -ACGTTTCTA k93 

CTACTACAAC TACGGTTTGG CAGCAGGGAA CdUU~ATTGGC CAAICCTAAT 1CAGGGAGCC AGTGAC~GA AATAGCA3CAC C-GGGAAACT -CAGTTTCTA ~g~ 

CTACTACAAC TACGCTTCGG CAGCAGGGAA GAAAATTGGC CAATCCTAAT TCAGGGAGCC AGTGAC.~AGA AATAGCAAGC T-GGGA~CT ~ACGTTTCTA 494 

. . . . . . .  GTA ATGACGATJ~A TTTAAAACCC TTACCC,~C~G -CA~TTGGAG GGOLAGTC-T GGTGCCAGCA GCCGCGGTAA TTCCAGCTCC AATAGCGTAT 574 

CGGTACTCd~A ATGAC~ACAG TGTTAATCTC TTAGCGACd~AACAATT-GAG G-CAAG*CCT GCTGCC3~GCA GCCGCGGTAA TTCCAGCTCC A~TAGCGTAC 590 

CGGTATTGAA ATGAGAACAG TGTTAATCTC TTAGCGAGGA ACAATTGGAG GGCAAG-CCT C~/GCCAGCA GCCGCGGTAA TTCCAGCTCC AATAGCGTAT 59& 

CGGCATTGAA ATC~CJ~ACAG TGTAAATCTC TTAGCGAGC~ ACA~TTGGAG GGCAAGTCAT GGTGCCAGCA GCCGCGGTAA TTCCAGCTCC AATAGCGTAT 59~ 

ATTAAAGTTG TTGCAGTTAA A~GCTCGTA GTTGAAGTTC TGGCTGTTCG ATCCTCGAGC TCTGTAGCCG AGGA-CTCGA CAGTCATCCG CTTGCAAATA 673 

ATTAAAG-NG N-GCAGTTAA AAAGCTCGTA GTTGAACTTC AGTGTCCAGG TTCGTCTCGG CTCGCCGAGG CAACTCTGGA CATACGTCTG CAAGCTAAAA 

ATTAAAGTTG TTGCAGTTAA JULAGCTCGTA GTTGAACTTC TGCCo-CAGG ACTATTTCGA TTCGTCGGGT AGTGoCTGGG CATACGTCTG CAAGCTAJU~A 691 

ATT/U~AGTTG TTGCAGTTAA AAAGCTCGTA GTTGAACTTC TGT-ToCAGG TTCATTTCGA TTCfiTCGTGT GAAA-CTGGA CATACGTTTG CA~CTAAAA 691 

O.henneguyi TATGTTCGCC -TTTAACCGG GTGCCTATAT GAGTAAG~,kA TTTAgCTTC~ C~kA-CAG AGTgTTCCAG CCACOTTTGT -CCGC.AATGC ATTAGCATGG 770 

G.chatt~i TCGGCCTTTA CTGGTTCC~ TTAGTGAGTA ~-A . . . . .  CAT T~IACTGTGC AAMJLATTAG A~TG~TTCAG GCAGGTTTTA GCCCG~ATAC &TTAGCATGG T~] 

C.c~wLum TCGGCCTTTA CrGGTTCGAC TTAGTAAGTA GA . . . . .  CAT TTTACTGTGA AMU~-TTAG AGTGTTTCAG GCAGGTTTTA GCCCGTATAC ATTAGCATGG 785 

T.thermophita TCGGCCTTCA CTGGTTCGAC TTAGGGAGTA AA . . . . .  CAT TTTACTGTGA MUU~-TTAG AGTGTTCCAG GCAGGTTTTA GCCCGAATAC ATTAGCATGG 78S 

O.he~eguy i  AATAATAGAA TATGACTGAA GTCGATTTAT TGGTTTGAGG CTTTAGTAAT GATTAATAGG AACAGTCGGG GGCATTGGTA CTTGACAGTC AGAGGTCd~A 870 

G.chattoni AATAATGGAA TAr-GACTAAn TCCATTTTAT TCGTTATTGG ATTTCCTAAT C~TTAATAt:-r- GACAATTGGG GGCATTA~.TA TTTAATACTC AC~GGTGA~ 883 

C . c e ~ / | u m  AATAATGGAA TAGGACTGAr. TCCATTTTAT TGGTTCTTGG ATTTAGTAAT GATTAATAGG GACAGTTGGG GGCATTAGTA TTTAATAGTC AGAGGTGAAA E85 
T,thermo~i|a AATAATGGAA TAGGACTAAG TCCATTTTAT TGGTTCTTGG ATTTGGTAAT C~TTAATAGG GACAGTTGGG GGCATTAGTA TTTAATAGTC AC~GGTGAAA BaS 

O.herrmguyi TTCTAGGATT TGTCGAAGAC TAACAAATGC CdLAAGCATCT CCCAAGGA-T GTTTTCATTA ATCAAGAACG AAAGTTAGGG GATCAAAGAC GATCAGATAC 969 

G.chattoni TICTTGGATT TATTAAGG~- -AACTAATGC G/ULAGCATTT GCCA~GA-T GTTTTCATTA ATCA~GAACG AAAGTTAGGG GATCAAAGAC GAICAGArAC 9 ~  

C.campyLLl~ TTCTTGGATT TATTAAGGAC TAACTAATGC G/ULAGCATTT GCCAAAGACT GTTTTCATTA ATCAAGAACG A~GTTAGGG GATCA~GAC GATCAGATAC 985 

T.thermo~Jla TTCTTGGATT TATTAAGGAC TAACTAATGC GAAAGCATTT GCCAAAGA-T GTTTTCATTA ATCAAC, AACG AAAGTTAGGG GATCAAAGAC GATCAGATAC 984 

Fig. 5. Small subunit rRNA gene sequences of the ciliates Colpidium campylum (1754 nueleotides), Glaucoma chattoni (1743 
nucleotides), and Opisthonecta henneguyi (1731 nucleotides) aligned with the sequence from Tetrahymena thermophila (1753 nucle- 
otides). Lowercase letters indicate positions that correspond to the amplification primers. Numbers at the ends of lines indicate the 
number of nucleotides. The differences in sequence length were accounted for by introducing alignment gaps (-) in the sequences. 
Ambiguities in nncleotide positions are indicated in the figure by the letter N. 

lineages (Swofford and Olsen 1990). Although having this pitfall 
the UPGMA method constructed a phylogenetic hypothesis (ini- 
tial input tree) to use in the MP analysis that avoids any pre- 
conceived ideas of tree branching order. 

The dinoflageUates represented by P. micans are considered 
by many to be the sister group of the ciliates (Gunderson et al. 
1987) and were therefore used as an outgroup in all trees. 

R e s u l t s  

T h e  c o m p l e t e  S S r R N A  s e q u e n c e s  were  d e t e r m i n e d  
for C. campylum (1754 nucleotides), G. chattoni 
(1743 nuc leo t ides ) ,  and  O. henneguyi (1731 nuc le -  
o t ides )  (Fig. 5). T h e s e  s e q u e n c e s  h a v e  been  d e p o s -  

i t ed  w i t h  the  E M B L  data l ibrary u n d e r  a c c e s s i o n  
n u m b e r s  X 5 6 5 3 2 ,  X 5 6 5 3 3 ,  and  X 5 6 5 3 1 ,  respec-  
t ive ly .  

Distance Matrix Analysis 

T h e  D M  tree (Fig. 6 and Table  1) i n d i c a t e d  that the 
e i l iates  d i v e r g e d  as a m o n o p h y l e t i c  group,  and  that 
the  d inof lage l lates  represented  by  P. micans were  
the  s is ter  group to  the  c i l iates  as s h o w n  p r e v i o u s l y  
by  G u n d e r s o n  et  al. ( 1987) .  T h e  branch ing  b e t w e e n  
s o m e  o f  the  m a j o r  c i l ia te  groups  w a s  d e e p e r  than 
the  separat ion  b e t w e e n  a n i m a l s  and plants:  the  peri-  
tr ich Opisthonecta and  the h y p o t r i e h  Euplotes were  



O.her~eguyi CGTCCTAGTC TTAACTATAA ACTATACCGA CTCGGATTCk GATG~ATCAT AA~GTT~TT 

G.chatt~i CGTCGTAGTC TTAACTATAA ACTATACCGA CTCC, Gs GCTGGAATAT A-'TGTCCAG 

C.campytum CG~CGTAGTC ~AACTA~AA ACTA~ACCGA C~CGGGAtCG GC~GGA~CAC ACG~GTCCAG 

T.thermo~iLa CGTCGTAGTC TTAACTATAA ACTATACCGA CTCGGGATCG GCTGGAATAA A--TGTCCAG 

O.her~eguyi GAAGTATGGT -CGCA,~GGCT GM~CTTAAA GGAATTGACG GrTTTGCACC ACCATGGAGT 

G.ch~ttoni GAAGTATGGT ACGCAAGTCT GAAACTTAAA GGAATTGACG GAAGAGCA-C ACCAGAAGTG 

C.cmtum GAAGTATGGT ACGCAAGTCT GAAACTTkAA GGAATTGACG GAACAGCA-C ACCAGAAGTG 

T . t h e r ~ i L a  GAAGTATGGT ACG~LAGTCT GAJUkCTIAAA GGAATTGACG GAACAG~A-G ACCAGAAGTG 

O.he~eguyi TCAGGGCAAG /LAC, ATTGTAG GATTGACAGA TTGAGAGTTC TTTCTTGATT GGTCTAGTGG 

G.chattoni CCAGCGCAAG ACAGAGAAGG GATTGACAGA TTGAGAGCTC TTTCTTGATT CTTTGGGTGG 

- C.campytt~ CGAGCGCAAG ACAGAGAAGG GATTGACACA TTGAGAGCTC TTTCTTGATT CTTTGGGTGG 

T . t h e r ~ l t a  CGAGCGCAAG ACAGAGAAGG GATTGACAGA TTGAGAGCTC TTTCTTGATT CTTTGGGTGG 

O.henneguyi GTTAATTCCG TT/~CGAACG AGACCTTAAC CTGCTAACTA GTACACAGAT GACAAATCTG 

G.chattoni GTTAATTCCG TTAACGAACG AGACCTTAAC CTGCTAJ~CTA GTCTCCCTGT GAACAACGGG 

C.ca~oyLum GTTAATTCCG TTAACGAACG AGACCTTAAC CTGCTAACTA GTCGCCCTGT GAACAACGGG 

T.therm~phiLa GTTAATTCCG TTAACC, AACG AGACCTT/~C CTGCTAACTA GTCTGCTTGT AJ~TAACAGG 

O.henneguyi /LAGTTTGAGG CAATAACAGG TCTGTGATGC CCTTAGATGT CCTGAGCTGC ACGCGTACTA 

G.chatton] AAGTTTAAGG CJU~TAACAGG TCTGTGATGC CCCTAGAC-T GCTCGGCCGC ACGCGCGTTA 

C.canlpyLum F.AGTTTAAGG CAATAACAGG TCTGTGATGC CCCTAGACGT GCTCGGCCGC ACGCGCGTTA 

T.thermophiLa AAGTTTAAGG CAATAACAGG TCTGTGAIGC CCCTAGACGT GCTCGGCCGC ACGCGCGTTA 

O.here~guyi TTTGGGT/U~T CTTTTTAGTG AGCACCGTGC TT-GGGATAG ATCTTTGTAA TTATGGATCT 

G.chattonl TTCGGGTAJ~T CTTATTAATA CCAGTCGTG- TTAGGAATAG TTCTTTGGAA TTTTGGATCT 

C.r TACGGGTAAT CTTATTAATA CCAGTCGTG- TTAGGGATAG TTCTTTGGAA TTTTGGATCT 

T . t h e r ~ i L a  TACGGGTAAT CTTATTAATA CCAGTCGTG- TTAGGGATAG TTCTTTGGAA TTGTGGATCT 

O,henneguyt GCTGATTACG TCCCTGCAkk ATGTACACAC CGCCCGTCGC TATTACCGAT TGAGTGTAAA 

G.chattoni GT~GATTATG TCCCTGCCGT TTGTACACAC CGCCCGTCGC TTGTAGT.IULC -CJLATGGTCT 

C.r GTTGATTATG TCCCTGCCGT TTGTACACAC CGCCCGTCGC TTGTAGTAJ~C -GAATGGTCT 

T.thermophiLa GTTGATTATG TCCCTGCCGT TTGTACACkC CGCCCGTCGC T]GTAGTAAC *GAATGGTCT 

O.henneguyl TTAAGTAAAC CTTTGCACTT AGAGGNLATA AAAGTCGTAG C4U~GGTTTCC gCaggtgaar 
G.chattonl ATAAGTAAAC CCATCCATTT GGAACAACAA GAAGTCGTAA CXAGGTATCT gtaggtgaac 
C.campy|Li;1 ATAAGTAAAC CCTACCATTT GG/U~CAACJUrt GAAGTCGTAA CAAGGTATCT gtaggtgaac 
T.thermophita ATAAGTAAAC CCTACCATTT GGAACAACAA GAAGTCGTAA CAAGGTATCT GTAGGTGAAC 

Fig. 5. Continued. 

T-GGGACCGT AGGAGIJ~TC AAAGTTTTTG GGTTCTGGGG 1068 

TCGGCACCGT ATGAGAAATC AAAGTCTTIG GGTTCTGGGG 1073 

ICGGCACCGT ATGAGAAATC AAAGTCT/TG GGTTCTGGGG 11~5 

TCGGCACCGT ATGAGAAATC AAAGTCTTTG GGTTCTGGGG 1082 

GGAGTCrGCG GCTTAATTI"G ACI"CAACACT GGGAAACI"CA 1167 

GAACC-TGCG s ACTCAACACG GGGAAACTCA 1176 

GAACC-TGCG GCTTAATTTG ACTCAACACG GGGA~ACTCA 1183 

GAACC-TGC r:- GCTTAATTTG ACTCAACACG GGGAAACTCA I180 

TGGTGCATGG CCGTTCTTAG TTGGTGC~kGT GATTTGTCTG 1267 

TGGTGCATGG CCGTTCTTAfi TTGGTGGAGT GAT~TGTCTG 1276 

TC~TGCATGG CCGTTCTTAG TTGGTGGAGT GATTTGTCTG 128] 

TGGTGCATGG CC~TTCTTAG TTGGTGGAGT GA~TTGTCTG 1280 

TGATACTTCT TAGAGGGACT ATGTGATGTA -ATCACATGG 1366 

GTGTACTTCT TAGAGGGACT ATTGTGCAAG AAGCCAATGG 1376 

ATGTACTTCT TAGAGGGACT ATTGTGCAAG AAGCCAATGG 1383 

TTGTACTTCT TAGAGCGACT ATTGTGCAAT AACCCAATGG I~BO 

CAATGGTGCT TTCAACGAGC TTTTCCTGAT CC-GAAAGGA 1'~,S 

CAATGACTGG CGCACdU~GT TTTTCCTG-G CCTGGGAAGG 1474 

CAATGACTGG CGCAGAAAGC ATTTCCTG-T CCTGGGAAGG 1482 

CAATGACTGG CGCJULAi~GT ATTTCCTG-T CCTGGCdU~GG 1479 

TGAACTAGGA ATTCCTAGTA ACGACGCGTC ATCAGCGCGT 1S6t, 

TGAACGAGGA ATTTCTAGTA AGTGCAAGTC ATCAGCTTGC 157"~ 

TGAACGAGGA ATTTCTAGTA AGTGCAAGTC ATCAGCTTGC 1581 

TGAACGAGGA ATTTCTAGTA AGTGCAAGTC ATCAGCTTGC 1578 

GGTG/~CCTT CTCGA-TAGA CGCAAGTCCA . . . . .  GMU~" 1657 

GGTC, AACCTT CTGCdtCTGCT CAGCAATAA- --GCGGAJU~ 1 ~ 9  

GGTCdU~CCTT CTGGACTGCT TCTGAATAAG GAGCGGCdU~A 1680 

GGTGAACCTT CTGGACTGCG ACAGCAATGT T-GCGG/dU~ 1676 

ctgcagaagg otca 1711 

ctgcagaagg atce 174] 

ctgcagaagg atca 1754 

CTGCAGATGG ATCATTA 1753 
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separated by an evolutionary distance of  0.245, while 
the rat Rattus and corn Zea were separated by an 
evolutionary distance of  0.196, indicating a rapid 
divergence of  the ciliate ancestral stock after its sep- 
aration from the main eukaryote line (Table 1). 

In the DM tree the subclass Hymenostomatia 
(Colpidium, Glaucoma, T. hegewischL T. pyrifor- 
mis, and T. thermophila) was maintained as a sister 
group of  the subclass Peritrichia (Opisthonecta), all 
within the class Oligohymenophorea (sensu Small 
and Lynn, 1985). The tetrahymenas were more 
closely related to each other than they were to Glau- 
coma or Colpidium (Table 1). Note that the evo- 
lutionary distance separating the peritrich Opistho- 
necta from the hymenostomes (~0.200) was greater 
than the distance separating Opisthonecta from the 
nassophorean Paramecium (0.176) (Table 1). 

The hypotrichs (Euplotes) and the stichotrichs 
(Onychodromus, Oxytricha, and Stylonychia) re- 
mained sister groups within the class Spirotrichea. 
The stichotrich, O. nova was more closely related 
by sequence similarity (0.993) to S. pustulata than 
to O. granulifera (0.989) as shown previously (Schle- 
gel et al. 1991). 

The classes Nassophorea and Colpodea (sensu 

Small and Lynn 1981, 1985), represented by Par- 
amecium and Colpoda respectively, tree more close- 
ly with the oligohymenophoreans than the spiro- 
trichs. The heterotrich Belpharisma was placed as 
the earliest branching ciliate as shown previously 
(Greenwood et al. 1991) (Fig. 6). 

Maximum Parsimony A nalysis 

The MP analysis of  ciliate SSrRNA sequences using 
the four different input trees generated two alter- 
native trees that differed in their NR scores by 20 
(Figs. 7 and 8). The classical ciliate tree of  Corliss 
(1979) and the UPGMA tree produced the same 
final tree having the lowest NR score of  2332 (Fig. 
7). The input tree derived from the reverse tran- 
scripts o f  SSrRNA (Lynn and Sogin 1988) and the 
Small and Lynn (1981, 1985) tree produced the same 
final tree having an NR score o f  2352 (Fig. 8). The 
branching order of  the two alternative trees depicted 
a similar phylogeny. In both trees the ciliates of  the 
subclass Hymenostomal)a (Colpidium, Glaucoma, 
and Tetrahymena) and the subclass Peritrichia 
(Opisthonecta) of  the class Oligohymenophorea 
clustered together, whereas Paramecium of the class 
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Table 1. Structural similarity and evolutionary distance data for eukaryote small subunit rRNA gene sequences 

Structural similarity/evolutionary distance to 

Organisms Rat A.s. Z.m. C.r. B.e. S.c. N.c. A.b. O.d. P.m. E.a. 

Rat 0.873 0.827 0.817 0.820 0.819 0.800 0.798 0.796 0.796 0.751 
A. salina 0.139 0.814 0.807 0.811 0.817 0,816 0.797 0.805 0.798 0.750 
Z. mays 0.196 0.213 0.900 0.852 0.859 0.844 0.854 0.852 0.853 0.787 
C. reinhardtii 0.210 0.223 0.107 0.867 0.860 0.853 0.855 0.859 0.853 0.786 
B. emersonii 0.205 0.217 0.165 0.146 0.880 0.859 0.854 0.847 0.846 0.792 
S. cerevisiae 0.207 0.209 0.156 0.155 0.130 0.907 0.852 0.853 0.852 0.801 
N. crassa 0.232 0.211 0.175 0.163 0.166 0.099 0.834 0.847 0.845 0.786 
A. bisexualis 0.235 0.236 0.163 0.161 0.162 0.165 0.188 0.899 0.861 0.811 
O. danica 0.238 0.226 0.165 0.167 0.170 0.164 0.171 0.109 0.864 0,813 
P. micans 0.237 0.236 0.164 0.163 0.173 0.165 0,174 0.154 0.150 0.828 
E. aediculatus 0.302 0.304 0.250 0.251 0.244 0.232 0.253 0.218 0.215 0.196 
B. americanum 0.274 0.266 0.202 0.197 0.205 0.195 0.208 0.209 0.179 0.164 0.213 
O. nova 0.256 0.256 0.187 0.188 0.186 0.165 0.184 0.171 0.155 0.130 0.145 
O. granulifera 0.270 0.271 0.198 0.201 0.196 0.182 0.197 0.184 0.169 0.152 0.159 
O. quadricornutus 0.255 0.262 0.183 0.188 0.184 0.168 0.184 0.170 0.161 0.129 0.149 
S. pustulata 0.260 0.259 0.183 0.192 0.190 0.171 0.189 0.173 0.161 0.135 0.147 
C. inflata 0.262 0.258 0.195 0.201 0.187 0.179 0.192 0.168 0.154 0.153 0.190 
P. tetraurelia 0.266 0.277 0.204 0.198 0.189 0.185 0.197 0.186 0.183 0.162 0.195 
O. henneguyi 0.318 0.317 0.253 0.248 0.244 0.227 0.244 0.235 0.227 0.201 0.245 
G. chattoni 0.321 0.334 0.265 0.265 0.250 0.222 0.245 0.240 0.236 0.225 0.249 
C. campylum 0.314 0.329 0.251 0.255 0.241 0.212 0.238 0.233 0.229 0.216 0.240 
T. hegewischi 0.313 0.325 0.256 0.256 0.245 0.215 0.238 0.232 0.226 0.216 0.242 
T. thermophila 0.307 0.323 0.250 0.251 0.244 0.216 0.238 0.229 0.221 0.218 0.242 
T. pyriforrnis 0,309 0.326 0.252 0.253 0.243 0.213 0.236 0.230 0.223 0.217 0.242 
D. discoideum 0.336 0.318 0.287 0.294 0.280 0.279 0.310 0.255 0.262 0.291 0.324 

The upper half of the table gives the structural similarity (S) values for all pairs of aligned small subunit rRNA sequences, The 
lower half of the table gives the evolutionary distance values (average number of nucleotide substitutions per sequence position) 
determined by the Jukes and Cantor (1969) formula for conversion of structural similarity. Sequence data for the aligned eukaryote 
small subnnit rRNA sequences are listed in Materials and Methods 

N a s s o p h o r e a  a n d  Colpoda o f  t he  class C o l p o d e a  were  
s e p a r a t e  l i neages  o n  the  s a m e  m a i n  b r a n c h .  A l s o ,  
in  b o t h  t rees  t he  subc l a s s  H y p o t r i c h i a  (Euplo tes )  
a n d  the  subc l a s s  S t i c h o t r i c h i a  ( O n y c h o d r o m u s ,  O x -  
y tr icha,  a n d  S t y l o n y c h i a )  o f  t he  c lass  S p i r o t r i c h e a  
c l u s t e r e d  toge the r .  T h e  o n l y  d i f fe rence  b e t w e e n  the  
t w o  M P  t rees  was  in  t he  p l a c e m e n t  o f  t he  h e t e r o t r i c h  
B l e p h a r i s m a .  T h e  t ree  w i t h  t he  l owes t  N R  score  
2332  p l a c e d  B l e p h a r i s m a  as  a s e p a r a t e  l ineage  on  
the  b r a n c h  l e a d i n g  to  t h e  h y m e n o s t o m e s  (Fig.  7) 
w h e r e a s  t he  a l t e r n a t i v e  t ree  w i th  an  N R  score  o f  
2352  p l a c e d  B l e p h a r i s m a  at  a d e e p e r  b r a n c h  p o s i -  
t i on  p r i o r  to  t he  b r a n c h i n g  o f  a l l  o t h e r  c i l i a tes  (Fig.  
8). 

Discussion 

D i s t a n c e  M a t r i x  vs M a x i m u m  P a r s i m o n y  

T h e  l i t e r a tu re  t e e m s  w i th  a r g u m e n t s  r ega rd ing  w h i c h  
m e t h o d  is t he  m o s t  a p p r o p r i a t e  for  r e v e a l i n g  t rue  
p h y l o g e n y  (Fa r r i s  1981,  1985, 1986; F e l s e n s t e i n  
1981, 1984, 1986; P e n n y  a n d  H e n d y  1986; S o u r d i s  
a n d  N e i  1988).  T h e  j u s t i f i c a t i o n  o f  a n y  m e t h o d  is 
a l w a y s  c o u n t e r e d  b y  i ts  i n a p p r o p r i a t e n e s s  in  a spe-  

cific i n s t ance .  R o t h s c h i l d  et  al.  (1986)  a p p r o p r i a t e l y  
s t a t e d  t h a t  n o  c h a r a c t e r  s h o u l d  b e  c o n s i d e r e d  the 
R o s e t t a  s t o n e  o f  p h y l o g e n y ,  a n d  th i s  p h i l o s o p h y  
m i g h t  eas i ly  be  e x t e n d e d  to  m e t h o d s .  T h e  goa l  of 
p h y l o g e n e t i c  a n a l y s e s  is  to  ge t  t h e  b e s t  e s t i m a t e  o f  
r e l a t e dne s s .  E s t i m a t e s  a re  b e s t  e v a l u a t e d  t h r o u g h  
c o m p a r i s o n s  o f  p h y l o g e n i e s  c r e a t e d  b y  d i f fe ren t  
c h a r a c t e r s  ( m o r p h o l o g i c a l  a n d  m o l e c u l a r )  a n d  by  
d i f fe ren t  a n a l y t i c a l  m e t h o d s  ( p a r s i m o n y  a n d  D M ) .  
T h u s ,  w h e n  c o n g r u e n c e  o f  p h y l o g e n i e s  p r o d u c e d  by  
d i f fe ren t  c h a r a c t e r s  a n d  m e t h o d s  occurs ,  m o r e  con-  
f idence  c a n  be  p l a c e d  in  t hese  as  b e s t  e s t i m a t e s .  

I n  t he  p r e s e n t  ana lyses ,  b o t h  the  D M  a n d  M P  
m e t h o d s  p r o d u c e d  s i m i l a r  p h y l o g e n i e s  t h a t  d e p i c t e d  
the  c i l i a tes  as  a m o n o p h y l e t i c  g r o u p  (Figs.  6-8) .  
H o w e v e r ,  d i f f e rences  in  t o p o l o g y  ex i s t ed .  In  b o t h  
t he  D M  a n d  M P  a n a l y s e s  t he  h y m e n o s t o m e s  (Col- 
p i d i u m ,  G l a u c o m a ,  a n d  the  t e t r a h y m e n a s )  a l l  f o r m  
a v e r y  t igh t  g r o u p  w i t h  t he  p e r i t r i c h  Opis thonec ta .  
T h e  s t i c h o t r i c h s  O n y c h o d r o m u s ,  S t y lonych ia ,  a n d  
the  t w o  o x y t r i c h s  c l u s t e r e d  t o g e t h e r  w h i l e  t he  hy-  
p o t r i c h  E u p l o t e s  was  m o r e  d i s t a n t l y  r e l a t e d  to  th is  
g r o u p  (Figs.  6 -8) .  B o t h  D M  a n d  M P  t rees  i n d i c a t e  
t h a t  O. nova was  m o r e  c lose ly  r e l a t e d  to  S. pus tu la ta  
t h a n  to  O. granul i fera .  I t  ha s  r e c e n t l y  b e e n  a rgued  
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Structural similarity/evolutionary distance to 

B.a. O.n. O.g. O.q. S.p. C.i. P.t. O.h. G.c. C.c. T.h. T.t. T.p. D.d. 

0.770 0.783 0.773 0.784 0.781 0.779 0.776 0.741 0.739 0.744 0.744 0.748 0.747 0.729 
0.776 0.783 0.773 0.779 0.781 0.782 0.768 0.741 0.731 0.734 0.736 0.738 0.735 0.744 
0.823 0.835 0.826 0.838 0.838 0.828 0.822 0.785 0.777 0.787 0.783 0.787 0.786 0.761 
0.827 0.834 0.823 0.834 0.831 0.823 0.826 0.789 0.777 0.784 0.783 0.787 0.785 0.756 
0.821 0.835 0.827 0.837 0.832 0.834 0.833 0.791 0.788 0.794 0.791 0.792 0.792 0.766 
0.828 0.582 0.839 0.849 0.847 0.841 0.836 0.804 0.808 0.815 0.813 0.812 0.814 0.767 
0.818 0.837 0.826 0.837 0.833 0.830 0.827 0.792 0.791 0.796 0.796 0.796 0.797 0.746 
0.817 0.847 0.837 0.848 0.845 0.849 0.836 0.798 0.795 0.799 0.800 0.803 0.802 0.784 
0.841 0.860 0.849 0.855 0.855 0.860 0.837 0.804 0.797 0.802 0.805 0.808 0.807 0.779 
0.852 0.880 0.862 0.881 0.877 0.861 0.855 0.824 0.806 0.813 0.812 0.810 0.812 0.759 
0.814 0.868 0.857 0.865 0.866 0.832 0.829 0.791 0.788 0.795 0.793 0.793 0.793 0.737 

0.868 0.858 0.865 0.863 0.859 0.855 0.805 0.803 0.812 0.810 0.809 0.813 0.748 
0.145 0.972 0.989 0.993 0.895 0.879 0.839 0.830 0.837 0.839 0.836 0.838 0.770 
0.157 0.029 0.968 0.969 0.884 0.865 0.828 0.819 0.826 0.829 0.826 0.827 0.760 
0.149 0.011 0.032 0.986 0.894 0.880 0.839 0.831 0.837 0.839 0.837 0.839 0.768 
0.151 0.007 0.032 0.013 0.892 0.878 0.839 0.829 0.834 0.837 0.833 0.835 0.768 
0.156 0.113 0.126 0.115 0.122 0.881 0.836 0.835 0.844 0.843 0.843 0.842 0.778 
0.161 0.132 0.149 0.130 0.133 0.129 0.843 0.841 0.849 0.851 0.854 0.855 0.765 
0.226 0.181 0.195 0.181 0.182 0.186 0.176 0.821 0.826 0.825 0.826 0.828 0.744 
0.228 0.192 0.207 0.192 0.194 0.187 0.178 0.204 0.979 0.978 0.971 0.974 0.739 
0.217 0.184 0.197 0.184 0.188 0.175 0.168 0.198 0.021 0.984 0.978 0.983 0.740 
0.219 0.181 0.194 0.180 0.184 0.177 0.166 0.199 0.023 0.016 0.986 0.991 0.741 
0.220 0.184 0.198 0.184 0.189 0.177 0.162 0.198 0.030 0.023 0.014 0.994 0.746 
0.215 0.182 0.197 0.181 0.187 0.177 0.161 0.196 0.026 0.017 0.009 0.006 0.741 
0.308 0.290 0.290 0.278 0.278 0.263 0.282 0.313 0.321 0.319 0.318 0.311 0.317 
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Fig. 6. Ciliate phylogeny inferred from 
complete SSrRNA sequence similarities us- 
ing a DM method. The analysis was limited 
to approximately 1400 positions that could 
be unambiguously aligned in all of  the 
rRNA sequences. The evolutionary distance 
(average number  of  nueleotide replacements 
per sequence position) is represented by the 
horizontal ~omponent separating species in 
the figure. The scale bar equals 0.05 nucleo- 
tide replacements per sequence position. 
Data are given in Table 1. 
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Fig. 7. Ciliate phylogeny inferred from 14 complete SSrRNA 
sequences using MP analysis. The same tree was derived from 
both the UPGMA tree and Corliss' (1979) classical ciliate input 
trees. The NR score for this tree is 2332. The dinoflagellate Pro- 
rocentrum micans was chosen as the outgroup for the ciliates 
(Gunderson et at. 1987). 

/ •  Tetmhymena hegevAschi 
retrahymena thermophl/a 
Glaucoma chattoni 

j Colpidium campylum 
j Opis~onecta henneg~/i 

/ Colpoda inflata 
j Paramecium tetraurelia 
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Oxy~cha granulifera 
Oxytn'cha nova 
b'?y/onychia pustula~ 
OnJ/chodromur quaddcornutus 

B/ephadsma amerlcanum 

Prorocen~rn rnicans 

Fig. 8. Ciliate phylogeny inferred from 14 complete SSrRNA 
sequences using MP analysis. The NR score for this tree is 2352. 
The same tree was derived from both the Lynn and Sogin (1988) 
RT tree and Small and Lynn (1981, 1985) input trees. The di- 
no flagellate Prorocentrum micans was chosen as the outgroup for 
the eiliates (Gunderson et at. 1987). 

that  O. nova is actually a Stylonychia species (M. 
Schlegel, personal  communica t ion) .  

In the D M  and MP trees the placement  o f  the 
colpodean Colpoda and the nassophorean Para- 
mecium are reversed. However ,  bo th  methods  de- 
picted them as being more  closely related to the 
o l igohymenophoreans  than  to the spirotrichs. The  
only other  difference between the two M P  trees was 
in the p lacement  o f  the heterotr ich Blepharisma. 
The  tree with the lowest N R  score 2332 places 
Blepharisma as a separate lineage on the branch 
leading to the hymenos tomes  (Fig. 7) whereas the 
al ternat ive tree with an N R  score o f  2352 places 
Blepharisma at a deeper  posi t ion pr ior  to all o ther  
ciliates (Fig. 8). The  latter M P  tree agrees with the 
p lacement  o f  Blepharisma in the D M  tree (Fig. 6). 
The  concordance  o f  the M P  tree (NR score o f  2352) 
with the D M  tree fur ther  suggests that  the hetero-  
trichs exemplif ied by Blepharisma are distinct f rom 
the hypotrichs.  

Although variat ions in the phylogenies do exist 
between the two me thods  employed  to analyze the 
SSrRNA sequence data, the basic tree topologies are 
consistent,  indicating at least with this data set that  
e i ther  me thod  produces a similar est imate o f  phy- 
logenetic relatedness. 

Molecular vs Morphological Phylogenies 

The  phylogenies de te rmined  f rom the complete  
SSrRNA sequences f rom C. campylum, G. chattoni, 
and O. henneguyi enable us to examine affinities 
between taxa and to critically examine  classificatory 
hypotheses  that  have been constructed based on pre- 
vious morphological  and molecular  evidence. 

The  H y m e n o s t o m e  Lineage 

The  analysis o f  complete  SSrRNA shows the Tet- 
rahymena lineage as monophyle t ic  whereas Colpidi- 
um and Glaucoma were more  closely related to each 
other  than ei ther was to the te t rahymenas  (Fig. 8 
and Table  1). This agrees with the p lacement  o f  
Colpidium and Glaucoma dete rmined  by Lynn and 
Sogin (1988) f rom partial SSrRNA sequences de- 
r ived f rom reverse transcripts. 

However ,  a different relat ionship has been de- 
t e rmined  by  Nanney ' s  group, which has been con- 
centrating on the nucleotide sequences f rom domain  
2 (D2) o f  the large subunit  r R N A  (LSrRNA) and 
pooled in format ion  f rom 5S and 5.8S r R N A  se- 
quences (Nanney et al. 1989a,b; Preparata  et al. 
1989). The i r  mos t  comprehens ive  phylogeny in- 
cluded 14 ciliates (Colpidium striatum, Colpoda 
maupasL Colpoda steinL G. chattoni, Didinium, 
Paramecium, and 8 te t rahymenas)  and 1 dinofla- 
gellate (Crypthecodinium cohnii) (Preparata et al. 
1989). 

Both the present  s tudy and Nanney ' s  group place 
Colpidium and Glaucoma as the closest relatives to 
the Tetrahymena lineage. However ,  their  phylogeny 
(Preparata et al. 1989) il lustrated the genus Tetra- 
hymena as paraphyletic:  Glaucoma was more  close- 
ly related to some te t rahymenas  than the tetrahy- 
menas  were to each other;  and Colpidium was more  
closely related to some Tetrahymena groups than it 
was to Glaucoma. Preparata  et al. (1989) tentat ively 
interpreted their  phylogeny as indicating that  Col- 
pidium and Glaucoma are more  der ived than the 
pr imi t ive  te t rahymenas.  However ,  because the tet- 
rahymenas  m ay  be paraphylet ic  based on the partial 



LSrRNA sequences, any general conclusions about 
which species are primitive or derived must be dis- 
regarded until more representatives of  the genera 
Glaucoma and Colpidium can be sequenced. 

The monophyly of  the tetrahymenas illustrated 
in the present study is further supported by inde- 
pendent molecular studies. Katzen et al. (1981) de- 
termined that the tetrahymenas all have similar 
macronuclear DNA profiles whereas Glaucoma was 
shown to possess a different macronuclear DNA 
profile based on its shorter length macronuclear DNA 
molecules. Brunk et al. (1990) have recently ana- 
lyzed the region between the histone H3II/H4II genes 
in the genome of  19 tetrahymenas and G. chattoni; 
the length of  the region varied in different species 
from 519 nucleotides in Glaucoma to 563 nucleo- 
tides in T. paravorax. The Brunk et al. (1990) phy- 
logeny supports the monophyly of  the tetrahymenas 
by placing Glaucoma as their sister group. 

Van Bell (1985) produced phylogenies based on 
5S rRNA and 5.8S rRNA sequences that also showed 
the genus Tetrahymena to be monophyletic, with 
Colpidium more closely related to the tetrahymenas 
than Glaucoma. This is not congruent with the find- 
ings of  the present study in which Colpidium and 
Glaucoma were more closely related to each other 
than either was to the tetrahymenas (Fig. 8). 

The variation seen between the present study and 
both the Van Bell (1985) and Preparata et al. (1989) 
studies in determining the phylogenetic relation- 
ships of  the hymenostome ciliates may have resulted 
from the small number ofnucleotide positions (< 200 
nucleotides) used by Van Bell (1985) and Preparata 
et al. (1989). The 5S rRNA (120 nucleotides) and 
the 5.8S rRNA (160 nucleotides) are limited by the 
low number of  independently variable nucleotide 
sites within the gene (Hori and Osawa 1987; Olsen 
1988). It is also possible that the partial LSrRNA 
sequences from domain 2 (180 nucleotides) used by 
Preparata et al. (I 989) may not contain enough vari- 
able sites to differentiate closely related phylogenetic 
assemblages. 

The classification schemes of  Corliss (1979), Small 
and Lynn (1981, 1985), and de Puytorac et al. (1987) 
all depict the hymenostomes (Colpidium, Glauco- 
ma, and the tetrahymenas) as a monophyletic group. 
Both Corliss (1979) and de Puytorac et al. (1987) 
suggest a close relationship between Colpidium and 
the tetrahymenas and place them in the same family 
Tetrahymenidae whereas Small and Lynn (1981, 
1985) place Colpidium, Glaucoma, and the tetra- 
hymenas in separate families within the same order 
Hymenostomatida. The SSrRNA phylogenies in- 
dicate that Colpidium was more closely related to 
Glaucoma than either was to the tetrahymenas (Fig. 
8). More SSrRNA sequences are required from spe- 
cies in the genera Glaucoma and Colpidium to firmly 
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establish the sister group of  the tetrahymenas. How- 
ever, the SSrRNA phylogeny is more consistent with 
Small and Lynn's (1981, 1985) classification, as Col- 
pidium and the tetrahymenas do not share a branch 
distinct from Glaucoma (Fig. 8). 

The Peritrich Ciliates 
At present the only molecular information on 

peritrich ciliates is the small subunit rRNA sequence 
from Opisthonecta in the present study and the par- 
tial SSrRNA sequence (Lynn and Sogin 1988). 

The phylogenetic position of  the peritrichs has 
always been puzzling and controversial (Corliss 
1979). During the Age of  Discovery (1880-1930), 
microscopy suggested that the peritrichs were more 
closely allied with the spirotrich ciliates based on 
their reduced somatic ciliature and spiralled oral 
ciliature (Corliss 1974). During the Age of  Exploi- 
tation (1930-1950), improvement of  both micro- 
scopes and staining techniques led to the discovery 
of  many new species and the recognition of  great 
diversity within the phylum Ciliophora. Corliss 
(1974) ascribed the elevation of  the peritrichs at this 
time to a taxonomic rank equivalent to spirotrichs 
and holotrichs because of  Kahl's (1933) separation 
of  the larger number of  species within the order 
Peritricha into two suborders the Sessilia and Mobi- 
lia. The impact of  the discovery of  the infraciliature 
of  ciliates on understanding the phylogenetic rela- 
tionships among the Ciliophora was not fully ap- 
preciated until the Age of  Infraciliature (1950-1970). 
During this period, detailed life history studies with 
emphasis on the infraciliature of  the peritrich cili- 
ates determined their affinities with such holotrichs 
as Tetrahymena and Pleuronema (Faurr-Fremiet 
1965). The advent of  the electron microscope led 
to the Age of  Ultrastructure (1970-present). Corliss 
(1968) placed the peritrichs firmly within the class 
Oligohymenophora stating that, based on the ultra- 
structure of  the buccal apparatus (Lom et al. 1968), 
the peritrichs showed considerable affinity with the 
hymenostomes and scuticociliates. However, based 
on their highly unique life history and great diver- 
sity, Corliss (1968) recognized the distinctness of  
the peritrichs by elevating them to a subclass. 

SSrRNA sequence comparisons indicate that the 
evolutionary distance separating the peritrich Opis- 
thonecta from the hymenostomes (0.200) is greater 
than the distance separating Opisthonecta from the 
nassophorean Paramecium (0.176) (Table 1). This 
is interesting since de Puytorac et al. (1984) deter- 
mined from a phenetic analysis of  122 morpholog- 
ical characters that the peritrich Trichodina (Mobili- 
ha, Peritrichia) was more closely related to the 
nassophorean ciliates (P-~rgasonia, Nassula, Para- 
mecium). However, this classification has since been 
abandoned by de Puytorac et al. (1987) who now 
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place the peritrichs within the subclass Peritrichia 
of  the class Oligohymenophorea thereby agreeing 
with the classification schemes of  Corliss (i 979) and 
Small and Lynn (198I, 1985). The present study 
once again illustrates the distinctiveness of  the peri- 
trichs from both the hymenostomes and the nas- 
sophoreans, especially when one considers that the 
evolutionary distance separating the peritrichs from 
both these groups (0.200 and 0.176, respectively) is 
greater than the evolutionary distance separating rat 
and brine shrimp (Artemia) (0.139) (Table 1): the 
high taxonomic rank of  the peritrichs suggested ini- 
tially by Kahl (1933) and adamantly supported by 
peritrichologists (Rabbe 1964; Finley 1974) may be 
appropriate. Prior to doing this, more sequence in- 
formation should be obtained from other peritrichs 
(e.g., Vorticella) and other oligohymenophoreans, 
especially the scuticociliates. This would allow us 
to assess the cohesiveness of  the class Oligohyme- 
nophorea. 

The impact of  molecular information and its im- 
plications to our understanding of  the systematic 
relationships within the phylum Ciliophora are only 
now being realized. As more sequence data become 
available they should allow us to assess the validity 
of  our past classification schemes. The next few years 
will determine if sequence information will lead us 
into a new period of  ciliate systematics. 

Evolution of the Cifiate Genetic Code 

The ciliates appear to deviate from the universal 
genetic code by using TAA and TAG as codons for 
glutamine or glutamic acid (Gin), thus leaving only 
TGA as a stop codon. This phenomenon was found 
in such divergent ciliate groups as the stichotrichs 
(Stylonychia, Oxytricha), nassophoreans (Parame- 
cium), and the hymenostomes (Tetrahymena) (Mar- 
tindale 1989, and references therein). Although only 
a relatively small number  of  genes have been se- 
quenced, this feature was assumed to be a derived 
characteristic having arisen in the most recent com- 
mon ancestor of  the phylum (Hanyu et al. 1986). 
However, a differential use of  stop codons was dis- 
covered in the hypotrieh ciliate genus Euplotes. The 
actin, /3-tubulin, and histone H4 gene of  Euplotes 
crassus (Harper and Jahn 1989) and pheromone 
ER-1 gene of  Euplotes raikovi (Miceli et al. 1989) 
were both found to use TAA as a stop codon. The 
exact function of  TGA and TAG in the genus Eu- 
plotes is unknown. This dilemma leaves the ques- 
tion of  antiquity of  the altered genetic code in ciliates 
open for speculation. 

A comparison of  the genetic code information 
with the phylogeny generated from SSrRNA se- 
quences indicates that the three groups (stichotrichs, 
nassophoreans, and hymenostomes) using TAA and 

TAG as codons for glutamine or glutamic acid (Gin) 
are on two different branches of  the tree (Fig. 6). 
The nassophoreans (Paramecium) and hymeno- 
stomes (Tetrahymena) are found on the same branch, 
whereas the stichotrichs (Stylonychia, Oxytricha) are 
placed as the sister group to the hypotrichs (Eu- 
plotes) (Fig. 6). This suggests that two potential sce- 
narios exist for the differences observed in the ciliate 
genetic code. The first hypothesis is that the most 
recent common ancestor to the ciliates possessed an 
altered genetic code and that the hypotrichs (Eu- 
plotes) have undergone a reversal to a condition 
similar to the universal genetic code. This would 
predict that all ciliates (other than possibly hypo- 
trichs) should have the altered code (TAA and TAG 
coding for Gin). The alternative hypothesis, sug- 
gested by Harper and Jahn (1989), is that the most 
recent common ancestor to the ciliates possessed 
the universal genetic code and that the altered code 
arose later possibly in two (or more) lineages. This 
hypothesis takes into consideration the possibility 
that the genetic code is more flexible. This would 
account for the role of  suppressor tRNAs in stop 
codon recognition in order to allow for the differ- 
ential expression of  specific proteins (Valle and 
Morch 1988; Harper and Jahn 1989). This sugges- 
tion is interesting in light of  the fact that the genes 
coding for surface antigens (51A, 51C, 51H, and 
156G) in Paramecium, which are highly expressed, 
and the genes coding for cnjB in Tetrahymena ther- 
mophila, which is briefly expressed, contain the 
highest number of  the altered codons TAA and TAG 
(Martindale 1989). Therefore, the role of  an altered 
genetic code in ciliates may be a method of  gene 
regulation. 

The SSrRNA phylogenetic tree offers some in- 
sight into which groups should be pursued in order 
to fully investigate the altered genetic code in cili- 
ates. Sequencing of  protein-coding genes from Col- 
pidium, Colpoda, Glaucoma, and Opisthonecta 
would determine if the altered genetic code exhib- 
ited by Oxytricha, Paramecium, Tetrahymena, and 
Stylonychia is characteristic of  the entire phylum or 
lineage dependent. The most intriguing candidate 
for exploring the origin of  the genetic code within 
the phylum would be to acquire sequence infor- 
mation from the heterotrich Blepharisma, which 
branches before the hypotrichs, stichotrichs, nas- 
sophoreans, and hymenostomes diverge. 
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