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Phylogenetic Meaning of the Kingdom Concept: 
An Unusual Ribosomal RNA from Giardia lamblia 

An analysis of the small subunit ribosomal RNA (16s-like rRNA) from the protozoan 
Giardia lamblia provided a new perspective on the evolution of nucleated cells. 
Evolutionary distances estimated from sequence comparisons between the 16s-like 
rRNAs of Giardia lamblia and other eukaryotes exceed similar estimates of evolution- 
ary diversity between archaebacteria and eubacteria and challenge the phylogenetic 
significance of multiple eukaryotic kingdoms. The Giardia lamblia 16s-like rRNA has 
retained many of the features that may have been present in the common ancestor of 
eukaryotes and prokaryotes. 

T HE TAXONOMIC SEGREGATION OE 

organisms into two or more king- 
doms is a legacy from early systemat- 

ic biologists who relied on morphological 
variation at the macroscopic level to differ- 
entiate plants from animals. With the dis- 
covery of the microbial world and the devel- 
opment of analytical tools for defining sub- 
cellular features, the number of proposed 
kingdoms has increased, and the debate 
about evolutionary relationships between 
the major groups of eukaryotic organisms 
has intensified (1 ) . Controversies over con- 
flicting taxonomic schemes are usually due 
to a lack of consensus about which charac- 
teristics are most useful for inferring phylog- 
enies. As an alternative to traditional meth- 
ods, comparisons of gene sequences that 
share a common ancestry can be used to 
infer objective phylogenetic frameworks (2). 
The 16s-like rRNAs have proved to be 
particularly well suited for estimating rela- 
tionships between even the most divergent 
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taxa (3). Here we describe extensive differ- 
ences between the 16s-like rRNAs of Giav- 
dia lamblia and other eukaryotes, including 
diverse protozoans. 

The protozoan parasite G,  lamblia is a 
diplomonad, which can be propagated in 
vitro but normally lives attached to the 
intestinal mucosa of its host. Giavdia lamblia 
has two nuclei and eight flagella but lacks 
mitochondria and normal endoplasmic retic- 
ulum (ER) or Golgi (4). Either these fea- 
tures were introduced into other eukaryotes 
after the divergence of diplomonads or they 
were lost in the G,  lamblia evolutionary 
lineage. To identify its phylogenetic place- 
ment, we determined the sequence of the G.  
lamblia 16s-like rRNA coding region and 
compared it to the rRNAs of divergent taxa. 

The G. lamblia 16s-like rRNA sequence 
(5, 6) is unusually rich in G + C  content 
(75%) and has only 1453 nucleotide posi- 
tions, a size more typical of prokaryotes than 
of eukaryotes. A collection of 41 eukaryotic 
17-9). 6 archaebacterial(10). and 7 eubacter- 
ial 16s-like rRNAs (11; &re aligned with 
the G,  lamblia sequence by a computer- 
assisted procedure that considers the conser- 
vation of both primary and secondary struc- 
ture features. Evolutionary distances (6) 
were used in the distance matrix methods 
(12) to infer the phylogenetic tree shown in 

Fig. 1. In this phylogenetic framework, G.  
lamblia represents the earliest diverging lin- 
eage in the eukaryotic line of descent. The 
G,  lamblia branching is followed by the 
microsporidian Vaivimovpha necatvix and then 
by euglenoids (Euglena gvacilis) and kineto- 
plastids (Tvypanosoma bvucei). Late in the 
evolution of eukaryotes there was a nearly 
simultaneous splitting of animals, fungi, 
chlorophytes plus plants, chromophyte al- 
gae, and ciliates plus dinoflagellates. The 
precise branching order for these lineages is 
statistically uncertain, since it spans a dis- 
tance of fewer than one nucleotide change 
per 100 positions. Yet the general branching 
pattern is nearly constant in similar phyloge- 
netic trees that include different representa- 
tives of these major eukaryotic lineages. 
Similar tree topologies are observed by us- 
ing the parsimony methods implemented by 
Swofford's computer program, "Phyloge- 
netic analysis using parsimony" (PAUP) 
(13), with the significant difference that V. 
necatvix branches before G. lamblia. Unequal 
rates of change in one or more lineages 
(which are represented by long segments in 
distance matrix trees) sometimes produce 
anomalously deep branching patterns or 
generate different tree topologies when par- 
simony rather than distance methods are 
used (14, 15). The segment connecting G. 
lamblia to the eukaryotic subtree is not ab- 
normally long and therefore its early diver- 
gence is not due to an unusually high muta- 
tion rate in its rRNA genes. In contrast, V. 
necatvix seems to have evolved more rapidly 
than the rRNAs of other eukaryotes, which 
may explain the alternate branching orders 
in distance and parsimony analyses. 

The tree geometry in Fig. 1 could be 
biased by the high GIC content in the 16S- 
like rRNAs of G. lamblia (75% GIC) and 
Sulfolobus solfataricus (67% GIC). If GIC-rich 
16s-like rRNAs are used to represent the 
eubacteria and archaebacteria, then conver- 
gence toward G or C at a number of sites 
might influence the phylogenetic position of 

6 JANUARY 1989 



G,  lamblia. Since there is no accepted or 
standard method of compensating for heavi- 
ly biased nucleotide compositions, we con- 
structed phylogenies that excluded prokary- 
otes with a high GIC content. In these trees 
G. lamblia still represented the deepest 
branching lineage in the eukaryotic line of 
descent (9). If G.  larnblia diverged early in 
the evolutionary history of eukaryotes, its 
16s-like rRNA may have retained many of 
the features that were present in the com- 
mon ancestor or ancestors of eukaryotes and 
prokaryotes. We explored this possibility by 
examining the G.  lamblia sequence for fea- 
tures that are diagnostic for archaebacterial 
and eubacterial 16s-like rRNAs. 

Nucleotide usage patterns were identified 

in absolute consensus sequences for our 
collection of archaebacterial, eubacterial, or 
archaebacterial plus eubacterial 16s-like 
rRNAs. (Invariant positions in our total 
16s-like rRNA database were not included 
in the consensus sequences.) Table 1 dis- 
plays the number of sites that are identical in 
comparisons of representative eukaryotic 
16s-like rRNAs with archaebacterial- or 
eubacterial-modified consensus sequences. 
These sites are enumerated in four catego- 
ries: archaebacteria, eubacteria, archaebac- 
teria or eubacteria, and archaebacteria plus 
eubacteria. In most eukaryotic 16s-like 
rRNAs the nucleotide compositions at 130 
to 169 sites are identical to the archaebacter- 
ial- or eubacterial-modified consensus se- 

Fig. 1. Multikingdom tree inferred from 16.3-like rRNAs. A con~puter-assisted method was used to 
align the 16.3-like rRNA sequences from divergent representatives of the eubacteria, archaebacteria, and 
Eukaryota. The alignments were influenced by considering the evolutionary conservation of both 
primary and secondary structure features (6). The distance matrix methods (12) were used to infer an 
unrooted multikingdom tree in which the horizontal component of separation represents the 
evolutionary distance between organisms, The distance that corresponds to ten changes per 100 
positions is indicated. 

Homo sapiens 

Xenopus laevis 
Saccharomyces cerevisiae 

Chlamydomonas reinhardtii 

-- Ochromonas danica 

Table 1. Absolute consensus sequences were determined for 16s-like rRNAs from archaebacteria, 
cuhdcteria, or archaebacteria plus eubacteria. Invariant sites within the archaebacterial, eubacterial, and 
cukaryotic 16s-like rRNAs were deleted from the consensus, and these modified consensus sequences 
were compared to representative eukaryotic 16s-like rRNAs. 

- 

Number of sites identical to positions in 
modified 16s  rRNA consensus sequenccs from 

Prorocentrum micans 
Oxyiricha nova 

Organism hrchae- Archae- 
Archae- Eu- bacteria bacteria bacteria bacteria 

(10) (11) 
or eu- plus eu- 

bacteria bacteria 

- 

-- 

Homo rapiens 162 169 170 103 
Xeriopus lacvis 140 145 186 99 
Sncchavomyces cevvisiae 146 144 194 96 
Zea  ntays 140 143 189 94 
Dictyosteliurn discoideum 140 146 191 96 
Euglena gracilis 144 142 194 93 
Trypansoma bvucci 130 135 180 86 
Vaivimorpha necatrix 106 103 146 63 
Giavdia lamblia 296 248 395 149 

Plasmodium berghei 
Dictyostelium discoideum 

Euglena gracilis 

quences (Table 1, columns 1 and 2, respec- 
tively). Similarly, the "or" comparisons (Ta- 
ble 1, column 3) show that 170 to 194 
positions are identical to either the archae- 
bacterial- or the eubacterial-modified con- 
sensus sequences. The values for V .  necatrix 

- 

are unusually low. This reflects the relatively 
short length of the V. necatrix 16s-like 
rRNA and its accelerated rate of evolution- 

Trypanosoma brucei 

ary change. Conversely, the values for G.  
lamblia are unusually high. The G ,  lawiblia 
16s-like rRNA coincides with the archae- 

Vairimorpha necatrix 
Giardia lamblia 

Sulfolobus solfataricus 
Halobacierium volcanii 

Methanococcus vannielii 
Bacillus subtilis 

Escherichia coli 

Anacystis nldulans 

bacterial- and eubacterial-modified consen- 
sus sequences at 296 and 248 sites, respec- 
tively. In the archaebacterial- plus eubacter- 
ial-modified consensus sequence compari- 
son, 149 positions are identical to the G. 
lamblia rRNA (Table 1, column 4), and 395 
positions are either eubacterial or archaebac- 
terial in character (Table 1, column 3). 
These 395 positions are distributed 
throughout th; proposed secondary struc- 
ture shown in Fig. 2. Giardia lamblia appears 
to have retained many of the features found 
in prokaryotic 16s-like rRNAs, including 
the Shine-Dalgarno (16) binding site for 
bacterial messenger RNAs. These character- 
istics were probably present in ancestral 
16s-like rRNA sequences common to the 
eubacterial, archaebacterial, and eukaryotic 
lines of descent. 

The retention of prokaryotic features in 
the G.  lamblia rRNA is consistent with its 
early branching in the distance matrix analy- 
ses. This finding supports similar proposals 
based on the absence of organelles found in 
other eukaryotes, the prokaryotic-like orga- 
nization of its rRNA coding region (1 7), the 
remarkably simple constellation of proteins 
in its cytoskeleto~l (18), and the evident lack 
of sexual life cycle stages. Giardia lamblia 
probably separated from other eukaryotes 
before the full development of subcellular 
features such as Golgi and ER, earlier than 
the endosymbiotic event or events that gave 
rise to mitochondria, and before the cyto- 
skeleton had reached the level of complexity 
found in other eukaryotic microorganisms. 

Our analyses show that the extent of 
genetic diversity in the eukaryotic subtree 
exceeds that seen within the entire prokary- 
otic world (19). Either the rate of evolution- 
ary change in eukaryotic rRNA coding re- 
gions is more rapid than in prokaryotes or 
eukaryotes are as ancient as eubacteria and 
archaebacteria. Regardless of the correct sce- 
nario, the extreme genetic diversity repre- 
sented by protists raises practical problems 
for taxonomists with respect to the number 
of eukaryotic kingdom; to be recognized 
and the characteristics to be used for diEer- 
entiating major protistan groups. Both com- 
parisons of phenotypic characters and mea- 
surements of genetic relatedness make it 
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Fig. 2. Secondary structure for the C .  lamblia 16s-like rRNA. Positions in the C .  lamblia 16s-like rRNA 
that are identical to modified consensus positions in either the archaebacteria or eubacteria (Table 1, 
column 3) are indicated by "reversed" letters. The helical regions are based on their phylogenetic 
conservation as described by Woese (3). 

clear that protists are not a cohesive phylo- 
genetic assemblage and that the diversity 
within certain protistan groups approaches 
or exceeds that seen in other "higher" eu- 
karyotic kingdoms. For example, we have 
previously shown that ciliated protozoans 
are as genetically diverse as the Plantae or 
Animalia (20). This finding raises questions 
about what kingdom level designations 
should represent. Major divisions in tradi- 
tional classification systems are generally 
defined by the largest measurable differences 
in structural organization and life-style. 
However, there is no reason why deep gene- 
alogical separations must be marked by ma- 
jor structural differences. Indeed, for phylo- 
genetic schemes based on comparative anal- 
yses of phenotypic characters, the bound- 
aries of large taxonomic groups sometimes 
disagree with evolutionary distances in- 

ferred from macromolecular sequence com- 
parisons. In the case of G ,  lamblia, a very 
deep branch in the rRNA-based tree leads to 
a small group of organisms more isolated 
from other eukaryotes than groups fre- 
quently recognized as separate kingdoms 
(animals, plants, and fungi). Are the diplo- 
monads, then, to be given kingdom status? 
The answer will vary according to whether 
genealogical or morphological differences 
are used to recognize major groups of orga- 
nisms. We are led to the view that eukary- 
otes should be regarded as a single kingdom 
made up of a progression of diverging lin- 
eages. 
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