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Molecular microbial ecology: land of the one-eyed king
Larry J Forney”, Xia Zhou and Celeste J Brown

Studies of microbial biodiversity have made astounding
discoveries of late due to the use of methodologies based on
phylogenetic analyses of small subunit ribosomal RNA
sequences. Although there are limitations to these methods,
they can nonetheless be very useful if these limitations are
kept in mind. These limitations range from technical problems
such as obtaining representative genomic DNA and suitable
primers, to conceptual problems such as defining and using
meaningful taxonomic units of diversity (species). Here we
discuss several of the limitations inherent in studies of
microbial diversity that must be considered when interpreting
the results obtained using these approaches.
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Abbreviations

DGGE denaturing gradient gel electrophoresis

RDP ribosomal database project

SSuU small subunit

T-RFLP terminal-restriction fragment length polymorphism

Introduction

In recent years the exploration of microbial biodivers-
ity has taken a quantum leap forward. While microbiol-
ogists were previously limited by their inability to
characterize uncultured organisms, the advent to so-
called ‘cultivation independent’ methods has provided
researchers with the ability to determine the composition
of microbial communities and identify numerically
important, but not yet cultured organisms. This has
resulted in numerous remarkable discoveries. Included
among these are the fact that Archaea constitute about
one-third of pelagic marine ecosystems [1]; acidobacteria
are common in many soils [2]; ‘simple’ hot spring micro-
bial mat communities are not so simple [3]; most unusual
environments (e.g. deep sea thermal vents) are popu-
lated by many taxa that have not previously been culti-
vated [3-7]; the microbial diversity of many familiar
environments such as the gingival of humans are extra-

ordinarily complex [8]; even the most exotic habitats
have diverse kinds of prokaryotes; and to find novel taxa,
one doesn’t need to look further than their own backyard.
Indeed, the scientific literature of the past two decades is
replete with accounts of studies in which novel taxa have
been discovered. These reports have been so abundant,
that it is no longer considered novel to report the dis-
covery of novel organisms.

These advances were possible because of the seminal
work of Carl Woese [9-11] and Norm Pace [12,13], as well
as their students and colleagues, who advocated the use of
molecular phylogeny to characterize microbial diversity
and to classify organisms based on their evolutionary
relationships [14]. Their approach centered on determin-
ing and comparing the DNA sequences of small subunit
(16S and 18S) rRNA (SSU rRNA) molecules to under-
stand their phylogenetic relationships. The efforts of
microbial explorers have led to the discovery of two large
subdomains within the Archaea (Crenarchaeota and the
Euryarchaeota), and a tripling of the number of identifi-
able bacterial divisions [14]. Many of the bacterial divi-
stons including Acidobacterium [15), Verrucomicrobia [16],
and many others are poorly represented by sequences
from cultivated organisms [14,17] and virtually nothing is
known about their physiology or ecology.

The advances made in research to define and understand
microbial diversity have opened the eyes of biologists to
the fact that the number of prokaryotic species may well
exceed that of all other life forms on the planet [18°°], and
the vast majority of the biomass on Earth is comprised of
prokaryotic cells [19]. The number of prokaryotes and the
total amount of their cellular carbon on earth are esti-
mated to be 4-6 x 10%° cells and 350-550 pg of carbon
(1 pg = 10" g), respectively. Indeed, the total amounts of
carbon, nitrogen and phosphorus are roughly equal to that
in terrestrial plants. Species of prokaryotes possess
immense genetic and metabolic diversity. They are key
players in major geochemical cycles and climate change,
and have practical importance in agriculture, disease pre-
vention, animal nutrition, waste treatment, biotechnology
and much more. Consequently, a better understanding of
microbial community structure and function is critically
important to sustaining life on Earth and gauging the
impact of human activities on the functions within eco-
systems. These discoveries about microbial diversity and
abundance led Mark Wheelis to state: “The Earth is a
microbial planet, on which macroorganisms are recent
additions — highly interesting and extremely complex
in ways that most microbes aren’t, but in the final
analysis relatively unimportant in a global context.’
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(as quoted in [11]). Given the prominent role of prokar-
yotes in the biosphere, defining the extent of microbial
diversity found in microbial communities, as well as spatial
and temporal changes in their composition and function
have become increasingly more important to ecologists.

In this review, we discuss common pitfalls in research that
has been done to characterize microbial diversity that are
based on phylogenetic analyses of SSU rRNA, as well as
some of the difficulties encountered in attempts to recon-
cile the phylogeny of organisms (based on SSU rRNA
genes) and their taxonomic classification based on phe-
netic criteria.

The one-eyed king

Most studies of microbial community diversity are based
on the extraction of total community DNA from samples
followed by PCR amplification of SSU rRNA genes.
While this approach sounds straightforward, it is, in fact,
fraught with problems at almost every step along the
way, from the extraction of DNA, to the selection of
primers, right on through to the amplification of DNA
[20-27]. The saying ‘the one-eyed man is king in the
land of the blind’ seems to apply. While these methods
are flawed and provide an incomplete and sometimes
distorted view, it is far better than being completely
blind.

Despite their technical limitations and biases, various
approaches based on SSU rRNA genes from natural
assemblages have proven to be quite useful to describe
the structure of microbial communities. One such
approach, namely the construction and analysis of clone
libraries, provides detailed phylogenetic information
about the members of communities. However, this
approach is generally not well suited for the analysis of
numerous samples because of the time and cost asso-
ciated with the analysis of numerous clone libraries.

In studies whose aims are to understand spatial and
temporal changes in community structure, the biogeo-
graphy of prokaryotes, or how community structure
changes in response to various perturbations, the ability
to analyze numerous samples is critical. As part of such
studies it is also important to devise statistically valid
sampling schemes, and to have sufficient numbers of
samples within ‘treatment groups’ so that specific hypoth-
eses can be statistically tested. (It is embarrassing that the
latter is almost entirely missing from studies of microbial
diversity.) The failure to systematically analyze large
numbers of samples to test specific hypotheses precludes
microbial ecologists from testing ecological theories.
Given current technology, these needs can only be
addressed through the use of comparatively ‘high-
throughput’ methods in which many samples can be
processed simultancously. Fingerprinting techniques,
such as denaturing gradient gel electrophoresis (DGGE)

[28] or terminal restriction fragment length polymorph-
ism (T-RFLP) analysis [29-31] of SSU rRNA genes, offer
the best compromise between the number of samples
processed and the information obtained. Analyses of
community structure by DDGE of SSU rRNA genes
are hampered by the lack of satisfactory methods to
quantify the results (through image processing). For these
and other reasons it is difficult to compare the data
obtained in different laboratories. However, a prime
advantage of the method is its relative simplicity and
low cost. T-RFLP analysis of SSU rRNA genes is cur-
rently one of the most powerful methods in microbial
ecology for rapidly comparing the diversity of bacterial
DNA sequences amplified by PCR from environmental
samples. The method relies on variation in the position of
restriction sites among sequences and determination of
the length of fluorescently labeled terminal restriction
fragments by high-resolution gel electrophoresis on auto-
mated DNA sequencers. The automated analysis of
samples by capillary electrophoresis permits high sample
throughput, and highly precise determination of fragment
lengths. The data obtained can be compared with data
from 7# silico analyses of sequence databases to infer the
potential composition of samples. Importantly, the data
are amenable to analyses using various statistical meth-
ods, such as similarity indices, hierarchical clustering
algorithms, principal-component analyses, and self-orga-
nizing maps.

What you can’t see with only one eye

In the paragraphs that follow we will briefly review some
of the lesser-known (lesser discussed?) problems asso-
ciated with methods used to characterize microbial diver-
sity by cultivation-independent methods.

Universal primers are not universal

The choice of primers used in studies to assess the
diversity of prokaryotes is nontrivial. Ideally, the primers
used would be complimentary to the SSU-rRNA genes
of all Eubacteria and Archaea. While these so-called
‘universal’ primers are widely used, they are far from
‘universal’. For example, Baker ¢z a/. [32] determined the
total number of sequences in the Ribosomal Database
Project that are complimentary to various primers devel-
oped for the amplification of bacterial 16S rRNA genes
(Table 1), and they also gauged their specificity. Two
things become immediately clear upon perusal of these
data: the primers differ dramatically in their ‘universality’
and most are not specific for Eubacteria. Similar difficul-
ties are encountered in the selection of primers to amplify
16S rRNA genes from Archaea. Baker ez a/. [32] deter-
mined the complimentarity of 51 different archaeal pri-
mers to sequences of Kroarchacota and Nanoarchaeota
and found that 18 were complimentary to Kroarchaeota
sequences, while only 11 were complimentary to
Nanoarchacota. Given this, whole groups might be
excluded depending on the primers chosen.
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Table 1

PCR primers commonly used for amplification of bacterial 16S rRNA genes [1].

Primer® Sequence 5’ - 3 Specificity Matches®
B A E

E8F AGAGTTTGATCCTGGCTCAG “FAFE + = 2424
E9F GAGTTTGATCCTGGCTCAG S F “Far 2741
E334F CCAGACTCCTACGGGAGGCAGGC AR - — 13172
E341F CCTACGGGIGGCUGCA A F — 16 685
E786F GATTAGATACCCTGGTAG S AF = 12 616
E553R TIACCGIIICTICTGGCAC +++ + ++ 18 724
E926R CCGICIATTIITTTIAGTTT S +++ “Far 19 950
E939R CTTGTGCGGGCCCCCGTCAATTC Simiin — - 8620
E1115R AGGGTTGCGCTCGTTG +++ - — 9052
E1541R AAGGAGGTGATCCANCCRCA “FAFAE + = 1355

#Primer numbering relates to E. coli position complimentary to the 5’ end of the primer.
PMatches for Eubacteria (B), Archaea (A), and Eukarya (E) are represented as follows: —, no matches; +, <25 matches; ++, 25-100 matches;

+++, >100 matches.
°Total number of matches in Ribosomal Database Project.

Degenerate primers (that have more than one nucleotide
at a given location in the sequence), or primers with
inosine at a given location (that can base-pair with all
four nucleotides found in DNA) can be used to increase
the universality of primers. In addition, the annealing
temperature and the composition of reaction mixtures
used for PCR can be manipulated to achieve the same
end. While these parameters can be modulated in an
attempt to increase ‘universality’ it is likely to be accom-
panied by a trade-off in specificity so that nontarget
sequences are also amplified.

So why are so many universal primers not very universal?
The obvious (and trivial) answer is that while there are
conserved regions in the sequences of SSU rRNA genes,
even the sequences of conserved regions are divergent.
Consequently, the inability to identify truly universal
primers is entirely due to the heterogeneity found in
rRNA gene sequences. However, there are more insi-
dious reasons. As reported by Baker er /. primers ESF
and E9F were complimentary to comparatively few
sequences, and this is disconcerting as they are commonly
used. The mystery is partially solved when one aligns
primer E8F to several sequences from the database. For
example, we have aligned primer ESF with sequences of
Lactobacillus strains, and found that roughly half would be
scored as not being complimentary to the primer because
the sequences of the region complimentary to B8F are
unknown or ambiguous (Table 2)! The same explanation
accounts for the low number of sequences that are com-
plimentary to E1541R (data not shown). Obviously,
assessments of primers should take into account the fact
that there are many incomplete sequences in the data-
base, and fair assessments of primers can only be made to
those sequences that include the targeted region. More-
over, as the number of known sequences increases,
researchers should continually reassess the specificity

and utility of primers that were previously developed
using a much smaller dataset.

It is also important to realize that just because a primer is
complimentary to a large fraction of the sequences in the
ribosomal database project (RDP) does not necessarily
mean that it is a ‘good’ primer. While the number of SSU
rRNA in databases has dramatically increased in recent
years, they have not been collected in any systematic way.
Moreover, if estimates of bacterial ‘species’ diversity are
even close to being accurate, the sequences in the RDP
database (~80,000) represent only a small fraction (<1%)
of the total (~10 million; [18°°]) that are estimated to
exist. If these two facts are taken together, it becomes
clear that efforts to develop ‘universal’ primers are
crippled by the dearth of sequence data, and that various
taxa could be under-sampled or entirely overlooked. In
other words, you don’t know what you don’t know.
However, in practice, we do the best we can with what
we have available, and empirically test primers and PCR
conditions to identify the combination that results in the
highest apparent diversity with the kinds of samples
being analyzed.

Language barriers

In discussions of biodiversity, it would be helpful if we all
spoke the same language. Ecologists who study macro-
biota define biodiversity in terms of species and differ-
entiate diversity on three scales: o, f and y. Alpha
diversity is the diversity of species found within a site
(local diversity), while a difference in species composition
between sites is referred to as B diversity, and the diver-
sity across a landscape (of all sites combined) is the
gamma diversity. The diversity within a site is defined
according to three parameters: species richness is the
number of species in a given area, species evenness
(equitability) is the relative abundance of various species,
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Table 2

Alignment of Lactobacillus spp. 5’ end of 16S rRNA gene sequences.

8-Forward = ----------------- AGAGTTTGATCCTGCGCTCAG

Accession number  Aligned sequences

S000000152 s e e e e e oo GTGCCTAATACATGCAAGT CGAGCGCACT GGCCCAACT GATATGACGT GCTTGCACTGATTTGACCGA
S000002363 - e e e oo oo GTGCCTAATACAT GCAAGT CGAGCGCACT GBCCCAACAGAAAT GACGT GCT TGCACTGATTTGACGT
S000005507 s s s s s e s e s oo oo
S000015720  ---eeeeee-o--- AGAGT TTGATNNT GECTCAGGAT GAACGCCGGECGGT GTGCCTAATACAT GCAAGT CGAGCGCACT GGCCCAACT GATATGACGT GCTTGCACTGATTTGACGA
S000126953  ------------------ AGAGTTTGATTATGCCTCAG- ATGAACGCCGGCGGT GTGCCTAATACAT GCAAGT CGAGCGCACT GGCCCAACTGATATGACGT GCTTGCACTGATTTGACGA
S000007778  eeeeeeeooo--- AGAGT TTGATCCT GECTCAGGAT GAACGCCGGCAGT GTGCCTAATACAT GCAAGT CGTACGCACT GGCCCAACTAATTGATGGTGCTTGC- - TGAATTGACGA
S000014648 - ----------------- AGAGT TTGATNNT GCCTCAGGAT GAACGCCGGCGGT GTGCCTAATACAT GCAAGT CGTACGCACT GGCCCAACT GATTGATGGT GCTTGCACCTGATTGACGA
S000001164 - --------- TTATATGAGAGT TTGATCCT GGCT CAGGAT GAACGCCGCECGGT GTGCCTAATACNT GCNAGT CGAGCGCACT GGCCCANCT GATAT GACGT GCTTGCACTNAAT TGACGS
000019354  -----ie-------- AGAGT TTGATCCTGGCT CAGGAT GAACGCCGGCGGT GTGCCTAATACAT GCAAGT CGAACGCGT TGGCCCAACT GATTGAACGT GCTTGCACGGACT TGACGT
S000011212 - ------- NNTTATATGAGAGT TTGATCCT GGCT CAGGAT GAACGCT GGCGGT GTGCCTAATACAT GCTAGT CGAACGCGT TGGCCCAAT TGAT TGATGGT GCTTGCACCTGATTGATTT
S000012738 s s s m e e n oo oo
S000015716 - o - s s s oo n oo
S000022065 - --------- NNAAAACGAGAGT TTGATCCT GGCT CAGGACGAACGCT GGCGECGT GCCTAATACAT GCAAGT CGAGCGAGCTGAACCAACAGATTCA- - - - - - - - CTTCGGTGATGACGT
S000001162  -------- NNNTANAATGAGAGT TTGAT CCTGGCT CAGGACGAACGCT GGCGECGT GCCTAATACAT GCAAGT CGAGCGAGCGGAACCAACAGATTTA- - - - - - - - CTTCGGTAATGACGT
S00000889 s st s e s e oo oo oo
S000009255  --------i----o---- AGAGT TTGATNNT GECTCAGGACGAACGCT GGCGGECGT GCCCTAATACAT GCAAGT CGAGCGAGCGGAACTAACAGATTTA- - - - - - - - CTTCGGTAATGACGT
S000011215 - --eeeoaaa - GAGAGT TTGATCCT GGCT CAGGACGAACGCT GECGEGECGT GCCTAACACAT GCAAGACGAGCGAGCAGAACCAGCACATCCA- - - - - - - - CTTCGGTAACGACGC
S000007776 -eeeeee-o--- AGAGT TTGATNNT GECTCAGGACGAACGCT GGCGEGECGT GCCCTAATACAT GCAAGT CGAGCGAGCAGAACTAACAGATCTA- - - - - - - - CTTCGGTAGTGACGT
S000109972 s e e e e e e GGACGAACGCTGECGGECGT GCCTAATACAT GCAAGT CGAGCGAGCAGAACTAACAGATCTA- - - - - - - - CTTCGGTAGTGACGT
S000109599 - GGACGAACGCT GGCGECGT GCCTAATACAT GCAAGT CGAGCGAGCTGAACCAGCAGATTCA: - - - - - - - CTTCGGTGATGACGC
S000008510 - -------- NTCAAAT TGAGAGT TTGAT CCTGGCT CAGGACGAACGCT GGCGGECGT GCCTAATACAT GCAAGT CGAGCGAGCTGAATTCAAAGATCG- - - - - - - - - CTTCGG GGTGATTT
S000013906 @ --------- NNCAAATTGAGAGT TTGAT CCT GGCT CAGGACGAACGCT GGCGECGT GCCTAATACAT GCAAGT CGAGCGAGCTGAATTCAAAGAT TG - - - - - - - - CTTCGG GAGGATTT
S000130019 - ---------- CAAATTGAGAGT TNGAT CCTGGCT CAGGACGAACGCT GGCGGECGT GCCTAATACAT GCAAGT CGAGCGAGCTGAATTCAAAGGACT - - - - - - - - - CTTCGG GGTGATTT
S000012578 s e e e e G ACGAACGCT GGCGECGT GCCTAATACAT GCAAGT CGAGCGAGCTGAATTCAAAGATYC- - - - - - - - - CTTCGG GRTGATTT
S000109603 - -----------oao--- TNCGNTCCTGGCTCAG ACGAACGCT GCCGGECGT GCCTAATACAT GCAAGT CGAGCGAGCTGAATTCAAAGATTG - - - - - - - - CTTCGG GATGATTT
S000015357  -------- NNTTAACATGAGAGT TTGAT CCTGGCT CAGGACGAACGCT GGCGECGT GCCTAATACAT GCAAGT CGAGCGAGCCGAACTAATTGATTA- - - - - - - - - CTTCGGGTATGAAGT
S000003126 s - e e e e e e e oo TGGCGGECGTGCTTAATACATGCAAGT CGAGCGAGCTTGCCTATTGAAAT T- - - - - - - - - CTTCGGAATGGACAT
S000088003 s - e e e oo oo TGCCTAATACATGCAAGT CGAGCGAGCT TGCCTATAGAAGT T- - - - - - - - - CTTCGGAATGGAAAT
S000130780 s s e e e e e e TGGCGGECGT GCCTAATACATGCAAGT CGAGCGAGCTTGCCTATAGAAGT T- - - - - - - - - CTTCGGAATGGAAAT
S000003516  ---------- NNAAAAT GAGAGT TTGAT CCT GECTCAGGACGAACGCT GGCGGECGT GCCTAATACAT GCAAGT CGAGCGAGCT TGCCTAGATGAATTTG GTGCT TGCACCAGATGAAACT
S000006242 c s e e e e e e GGCGECGTGCCTAATACAT GCAAGT CGAGCGAGCT TGCCTAGATGATTTTA- GTGCTTGCACTAAATGAAACT
S000010822 - oo s oo o m o e oo
S000001993  ---------- NAAAATTGAGAGT TTGATCCT GGCT CAGGATNAACGCT GGCGECGT GCCTAATACAT GCAAGT CGAACGAGT TCTGGTTAAGAGTRGCG- GTGCTTGCACCAAAGCRATTA
S000000429 - ------- NNATATATGAGAGT TTGAT CCT GGCTCAGGACGAACGCT GGCGGECGT GCCTAATACAT GCAAGT CGAACGCACTGACGT C- - - GACAGAAGGTGCTTGCAG: - - - - TGGAAG
S000005109  --------- NNTTATATGAGAGT TTGAT CCTGGCT CAGGACGAACGCT GGCGGECGT GCCTAATACAT GCAAGT CGAACGCACTGACGT G- - - GACCGAAGCTGCTTGCAG - - - - TGGACG
S000020742 - ------- NNTTAATCGAGAGT TTGAT CCT GECT CAGGACGAACGCT GGCGECGT GCCTAATACAT GCAAGT CGAACGCACTCTCNT TTA- GATTGAAGGAGCTTGCTCCTC- ATTGATA
S000015718 - -------- NTTAATTTGAGAGT TTGATCCTGGCT CAGGAT GAACGCT GGCGGECGT GCCTAATACAT GCAAGT CGAACGCACTCTCNTTTA- GATTGAAGGAGCTTGCTCCTC- ATTGATA
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Table 2 Continued

S000004550 -------------eee---ooooo-ooooo- GATGAACGCT GGCGGCGT GCCTAATACAT GCAAGT CGAACGAGT TTTGGTC- - - GATGAACGGT GCTTGCACT- - - - GAGATT
SOOUUEEETE  cecccccscoscssccosscocasssssoooeaeonoo GATGAACGCTGBECGGCGT GOCTAATACAT GCAAGT CGAACGAGT TTTGGT C- - - GATGAACGGTGCTTGCATC: - - - GTGATT
S000010606 ~  ------seeeoeeeesooooooooooooo GATSAACGCT SGCGGCGT GCCTAATACAT GCAAGT CGAACGAGT TCTCGT T- - - GATGATCGGTGCTTGCACC: - - - GAGATT
SO000L5T91T e GATSAACGCT GGCGGOGT GCCTAATACATGCAAGT CGAACGAGT TCTCGI T- - - GATGATCGGTGCTTGCACE: - - - GAGATT
S000010607 ------o-oooooooooooooooo-o GATSAACGSTSGCGGOGTGCCTAATACAT GCAAGT CGAACGAGT TCTCGT T- - - GATGATCGGTGCTTGCACG- - - - GAGATT
S000109809 - --------oo-iooooooooooooooooo- GATGAACGCT GBOGEOGT GCCTAATACAT GCAAGT CGAACGAGT TCTCGT T- - - GATGATCGGTGCTTGCACE: - - - GAGATT
S000013699 - -------- TTTTATATGAGAGT TTGATCCTGGCT CAGGAT GAACGCT GGCGGCGT GCCTAATACAT GCAAGT CGAACGAGT TTTGGT C- - - GATGAACGGTGCTTGCACT- - - - GAGATT
S000016651  --------- TTTTATATGAGAGT TTGATCCTGGCT CAGGAT GAACGCT GGCGGCGT GOCTAATACAT GCAAGT CGAACGAGT TTTGGT G- - - GATGAACGGTGCTTGCACT- - - - GAGATT
S000011211  --eeeee--- NTTATATGAGAGT TTGATCCT GGCT CAGGATNAACGCT GGCGGOGT GCCTAATACAT GCAAGT CGAACGAGT TCTGATT- - - ATTGAAAGGTGCTTGCATC- - - - TTGATT
S000014980 ----------- TNAAATGAGAGTNTGATCCT GGCT CNGGATNAACGCT GGCGGCGT GCCTNATNCNT GCNAGT CGAACGAGTNTTGGT G- - - GATGAACGGTGCTTGCTCT- - - - NNNATT
SUUOUOULTIL  scececssssccssscssccssssosscosssossscosooos ACGCT GGCGGOGT GCCTAATACAT GCAAGT CGAACGCAATCT- TTGACC- - - AATGAGTGCTTGCACT - - - - - CAGCN
SOOOAZeAIL  =sesesscscccssscscscssssosscsossossssaooossoss TGGOGGEOGT GCCTAATACAT GCAAGT CGAACGCAATCT- TTGACT- - - AATGAGTGCTTGCACT- - - - - CAGCG
S000005786 - CCGAATTCGT CGACAACAGAGT TTGATCCTGGCT CAGGACGAACGCT GGCGGCGT GOCTAATACAT GCAAGT CGAACGAAACT T- TCTTAG- - - ACCGAATGCTTGCRTT- - - - - CA-TC
S000021671  ---------- TTAAAATGAGAGT TTGAT CCTGGCT CAGGACGAACGCT GGOGGCGT GOCTAATACAT GCAAGT CGAACGAAACTT- TCTTAG- - - ACCGAATGCTTGCATT- - - - - CACTC
S000000428 ~ --------- NNTAAAT TGAGAGT TTGATCCT GGCT CAGGACGAACGCT GGCGGCGT GCCTAATACAT GCAAGT CGAACGAGAATT- TCTTAC- - - ACCGAGTGCTTGCACT- - - - - CA-CC
S000004337  --------- NCTAAAATGAGAGT TTGATCCT GECT CAGGACGAACGCT GGOGGECGT GCCTAATACAT GCAAGT CGAACGCTTTTT- TCAATC- - - ATCGTA- GCTTGC- TA- - - - - CACCG
S000012369 - -------- NATAAATTGAGAGT TTGATCCT GGCT CAGGACGAACGCT GGCGGCOGT GCCTAATACAT GCAAGT CGAACGAAGCTT- TCTTTC- - - ACCGAATGCTTGCATT- - - - - CACCG
S000007322 --------- NTTNAATTGAGAGT TTGATCCT GGCTCAGGATNAACGCT GGCGGCGT GCCTAATACAT GCAAGT CGAACGAAACT TCTTTATC- - - ACCGAGTGCTTGCACT- - - - - CACCG
S000021282 ~ --------- NTTAAATTGAGAGT TTGATCCT GGCT CAGGATNAACGCT GGCGGCGT GCCTAATACAT GCAAGT CGAACGAAACT TCTTTATC- - - ACCGAGTGCTTGCACT- - - - - CACCG
SOUUHEE® = sccoocococsoooo50cc55055005555555060055500965005055500S0505506G0G09500C500050050S50505000G50005505555055000SS Cl----- CACCG
S000000239 - -------- NNTAATATGAGAGT TTGATCCT GGCT CAGGACGAACGCT GGCGGCAT GCCTAATACAT GCAAGT CGAACGAACCATCCTGAA- - - - GATTGAAGCTTGCTTCA- - - - TGATT
S000013905  ---------- NTAATATGAGAGT TTGATCCT GGCT CAGGACGAACGCT GGCGGCAT GCCTAATACAT GCAAGT CGAACGAACT TTCCTATT- - - - NATTGATGCTTGCATCA- - - - TGATT
S000008817 ~  -----sses-eeeeesooooooooooooo- GACGAACGCT GGCGGCATGCCTAATACAT GCAAGT CGAACGAACCATCCTGAA- - - - GATTGAAGCTTGCTTCA- - - - TGATT
SOOUIEEREE ~ sessssssssssssssssscsssscsssocssoeoas AGGACGAACGCT GECGECGT GOCTAATACAT GCAAGT CGAACGAACT CTGGTAAT- - - - GATTGGTGCTTGCATCA: - - - TGAAT
SOloEksls) 000 ssssssssssccscscsscsccsssscsscssossss GACGAACGCT GSCGGCGT GCCTAATACAT GCAAGT CGAACGAACTCTGGTATT- - - - GATTGGTGCTTGCATCA- - - - TGATT
SOEHEEE = soocoscoscoscosssoscossoscoscoscsoscascos GAACNCTAGCGGOGT GNCTAACACAT GCAAGT CGAACGAACT CTGGTATT- - - - GATTGGTGCTTGCATCA- - - - TGACT
S000131235 e TTAATTTGAGAGT TNGATCCTGGCT CAGGACGAACGCTNGCGGCGT GOCTAATACAT GCAAGT CGAACGANCTCTNGTATT- - - - NATTGGTGCTTGCATCA- - - - TGATT
S000005355 oo TGATCCTGGCT CAGGAT GAACCCT GECGGECGTGCCTAATACAT GCAAGT CGAACGCATCCCGT TAA:- - - - - ATCAAGTGCTTGCA- CG- - - - GATTT
$000016063 ~ ------------------ AGAGTTTGAT CATGGCT CAGGAT GAACGCT GGCGGCGT GCCTAATACAT GCAAGT CGAACGAGATTTTATTA- - - - - ATTGATTACTTCGG TA- - - - TGATT
S000001003 ~ --meeemeemmee--- AGAGTTTGATNNTGGCT CAGGACGAACGCT GGCGGCATGCCTAAT ACAT GCAAGT CGAACGAGCT GOGCCTAATGATAGT TGATGCTTGCATTAGCT TGACT T
S000014646 ~ --------- NCTAAAATGAGAGT TTGATCCT GGCT CAGGACGAACGCT GGCGGCAT GCCTAATACAT GCAAGT CGAACGAGCT GCGCCTAATGATAGT TGATGCT TGCATTAGCTTGACT T
S000003125 ~ s-eeeeeeeeeo--- AGAGTTTGATNNTGGCT CAGGACGAACGT TGGCGGCGT GCCTAAT ACAT GCAAGT CGAACGAAGT CGCCCAATTGATTCTTAGT GCTTGCACTAAGATGATTT
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and species composition is the actual species that are
present in a sample. Many investigators of microbial
biodiversity employ the term ‘diversity’; and make state-
ments about a change or lack of change in diversity.
These statements are, generally, imprecise, and not sup-
ported by the data. The structures of microbial commu-
nities are usually highly skewed such that a few species
are abundant, and many are rare. By the very nature of the
methods used (PCR amplification of SSU rRNA genes)
the analyses done are limited to only the numerically
abundant populations targeted by the primers used. Since
PCR amplification of DNA is a competitive enzymatic
reaction, the SSU rRNA templates in a sample are ampli-
fied roughly in accordance to their abundance. Conse-
quently, the SSU rRNA genes of the numerically
abundant populations are the most abundant amplicons
following PCR and the ones represented in the commu-
nity profiles obtained by DGGE or T-RFLP analyses of
the amplicons mixture. Populations that constitute less
than ~1% of the total community (yet may still be present
in numbers >10° per g) are generally not represented in
such profiles, and so this represents a threshold of detec-
tion. As a result, the actual species richness of a commu-
nity (or phylogenetic group depending on the primers
used) remains unknown and may be impossible to pre-
cisely determine. It can, however, be estimated using
various mathematical approaches [33,34°°]. If investiga-
tors see differences in profiles of SSU rRNA genes from
communities, they often infer or conclude that there is a
difference in species richness due to more or fewer DNA
fragments; in other words, that one microbial community
is less diverse than another microbial community. In
reality, such differences could be entirely due to differ-
ences in the rank-abundance of populations with no
change in species richness. While microbial ecologists
are certainly aware of the high numbers and skewed
distribution of species in a community, they are too often
lax in their interpretations of differences in community
structure as reflected in community profiles.

Representative: what matters most

T'he isolation of genomic DNAs from samples is one of
the first steps in studies of microbial diversity using
cultivation independent methods. In doing so it is
obviously important to obtain genomic DNAs that are
representative of the microbial communities present in
samples. In other words, it is important that the efficiency
of cells lysis be approximately the same for all taxa present
in the sample so that all populations are fairly represented.
The amount of DNA recovered is of almost no conse-
quence, so long as the amount obtained is sufficient for
subsequent analyses, and the quality permits subsequent
manipulations (e.g. amplification by PCR). Ironically,
most efforts made to improve or optimize the extraction
of genomic DNA from environmental samples focus on
the yield of DNA, and there is almost no heed given to
whether the microbial populations are fairly represented

in the sample [35-38]. While it is not apparent how one
could determine if extracted DNA was representative in a
simple, straightforward way, investigators should be
aware of the possibility that a significant bias may have
been introduced into their analyses during the isolation of
genomic DNA and interpret the data accordingly.

Apples and oranges

The sequences of newly discovered SSU rRNA mole-
cules are typically compared to those previously
described by using various alignment tools and phyloge-
netic algorithms, then the results are graphically repre-
sented in dendrograms in which the branch lengths reflect
the genetic distances between sequences. Quite naturally
researchers are curious to know which known microbial
taxa (species) are related to the newly discovered ones;
and the urge to name the new populations using a Latin
binomial is often irresistible. But this is a bit like compar-
ing apples and oranges. Nowadays the taxonomic classi-
fication of bacteria is accomplished using a polyphasic
approach [39] in which a spectrum of phenotypic criteria
are determined and used to ascertain the similarities and
genotypic differences among cultivated isolates. Ulti-
mately, a definitive classification of prokaryotes requires
that the genetic relatedness of new organisms be com-
pared to type strains by DNA:DNA annealing of genomic
DNAs. According to Wayne ez a/. [40] to be considered the
same species the genomes of two strains must have more
than 70% DNA:DNA relatedness and with 5°C or less
A'T,,. Thus, while the methodologies used to characterize
prokaryotes has become more sophisticated and elaborate
over the years, it remains an essentially Linnaean classi-
fication scheme based on a phenetic species concept. By
contrast, the classification of prokaryotes based on the
phylogeny of gene sequences (such as SSU rRNA genes),
inherently employs a phylogenetic concept of species.
These are two distinctly different concepts.

Since prokaryotes are asexually reproducing organisms,
vertical inheritance predominates, and evolutionary
mechanisms result in incremental changes in the geno-
typic and phenotypic characteristics of organisms. Given
this, it would be expected that the phenetic criteria used
for bacterial classification would be largely conserved
among organisms that are related by evolutionary des-
cent. Fortunately, this expectation is born out in so far as
members of a phylogenetic clade share many common
phenotypic traits. However, evolutionary changes result-
ing in the gain, loss, or modification of functions can and
do occur along the course of evolutionary lineages. As a
result, even strains that were recently derived from a
common ancestor, and are highly related based on the
phylogeny of specific genes, can differ in terms of the
phenotypic criteria used for their classification. Indeed,
disparities in the phenotypic traits of strains belonging to
a single species are not uncommon, and in some cases can
be numerous — even among strains of familiar and easily
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recognizable species such as Escherichia coli [41]. The
situation is further muddied because traits can also be
acquired by the horizontal transfer of genes. The
exchange of large chromosome segments can sometimes
occur, but more often the exchange is more limited
(<200 kb) and mediated by vectors such as bacterio-
phages and plasmids, as well as by the transformation
of naked DNA. The donor and recipient organisms need
not be phylogenetically close. Horizontal gene transfer in
one form or another occurs at all taxonomic levels, and any
given species may have acquired 20-25% of its genome
via horizontal transfer. This reticulated evolutionary his-
tory is the basis for findings of phylogenetic incongruence
among genes [42] and can readily lead to phylogenetically
related strains that differ in terms of overall genetic
relatedness and certain phenotypic properties that are
important for taxonomic classification based on phene-
tic criteria. In other words, taxonomic groups based on
phenetic criteria can be polyphyletic. By contrast, the
purpose of schemes based on the phylogeny of genes is to
classify organisms into monophyletic groups. Given the
differences in these two approaches for microbial classi-
fication, and the mechanisms used for the adaptive evolu-
tion of prokaryotes, it is not surprising that there can be
quite different outcomes.

In 1994, Stackebrandt and Goebel [43] reported studies
they had done to compare the results of DNA-DNA
reannealing to the relatedness of strains based on the
similarity of 16S rRNA gene sequences. They concluded
that if 16S rRNA sequences have less than 97% identity
then the sequences are most likely to be derived from
different species, and if the sequences have more than
97% identity, then they may either come from the same
species or from different species. In the latter case, they
suggested that DNA-DNA reannealing data would be
needed to clarify the species relationships in such cases.
Although this conclusion is clearly stated, many research-

Figure 1

ers have misinterpreted their findings and assert that if
the 16S rRNA gene sequences of two strains are >97%
identical then one can conclude that they are come from
the same species. This is incorrect. Several recent exam-
ples of the misinterpreted ‘97% rule’ can be found in the
literature by searching in Science Citation Index for
papers that reference the Stackebrandt and Goebel arti-
cle. Looking for articles in 2003 yielded four papers that
explicitly mis-state the rule in the way described above
[44-47]. One of these papers even mentions that the rule
seems to be incorrect for the genus of bacteria from which
their sequences were derived because their studies
included different species but there was >97% sequence
similarity among their 16S rRNA genes [47].

To illustrate why it is important to accurately interpret
Stackebrandt and Goebel’s ‘97% rule’, we determined
the pair wise genetic distances among 206 type strains of
bacteria and one archaeal species based on high quality,
full-length 16S rRNA sequences from the RDP [48]. The
sequences were aligned using ClustalW and the pair wise
genetic distances were calculated using the Jukes Cantor
correction for multiple changes as implemented in the
‘distances’ program of GCG (Accelrys). Three subspecies
were included in the analyses so according to the mis-
interpreted ‘97% rule’, there should be, at most, three
genetic distances less than or equal to 3%. However, the
results of our analysis indicate that there were 329 dis-
tances between 0 and 3%; not three as predicted
(Figure 1). We also determined whether certain genera
disproportionately contributed to this large number of
closely related sequences. In Table 3, genera are sorted
by the minimum pair wise genetic distances within a
genus. Twenty-one of the thirty-one genera examined
had at least one distance below 3%, and six of the sixteen
genera with more than two species have greater than half
of their distances less than 3% (see median column of
Table 3). Thus, it is not at all uncommon for the 16S
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Summary statistics for pair wise genetic distances between species of genera.

Genus? No. Sequences % Difference Statistics

MIN MAX AVG MEDIAN
Pseudomonas 31 0.07 7.66 3.65 3.36
Mycobacterium 12 0.14 6.25 3.57 4.08
Amycolatopsis 6 0.68 3.40 2.28 2.57
Micromonospora 12 0.75 2.88 1.94 2.03
Bacillus 6 0.76 6.42 3.49 4.38
Aeromonas 4 1.07 3.47 2.1 2.06
Streptomyces © 1.08 6.91 417 4.14
Clostridium 3 1.48 1.76 1.60 1.48
Thermoactinomyces 5) 1.71 10.54 6.87 7.03
Promicromonospora 3 1.71 2.25 1.94 1.71
Nocardia 9 1.83 4.55 3.16 3.19
Kibdelosporangium 3 1.83 4.75 3.67 1.83
Comamonas 3 2.32 2.68 2.49 2.32
Bifidobacterium 3 3.04 5.3 4.29 3.04
Corynebacterium 4 5.44 7.59 6.26 6.08
Actinomyces 3 8.65 9.77 9.30 8.65
Thermoleiphilum 2 0.07
Tsukamurella 2 0.68
Alicyclobacillus acidocaldarius 2 0.88
Knoellia 2 1.36
Leifsonia 2 2.39
Caryophanon 2 2.79
Kocuria 2 2.93
Arthrobacter 2 2.99
Thermomonas 2 3.47
Vibrio 2 5.27
Dermatophilus 2 5.49
Cytophaga 2 5.71
Nocardioides 2 6.44
Facklamia 2 7.95
Desulfovibrio 2 11.87

Genera in red font do not have any pairwise genetic distances among species that are less than 3%.

rRNA sequences of distinct bacterial species to be >97%
similar, and this appears to be true of species from all
bacterial phyla. Given this, conclusions that two strains
are the same species based on highly similar 16S rRNA
gene sequences are subject to type 2 errors (concluding
they are the same species when in fact they are different
species). This contradicts Fox ez a/. [49] who explicitly
stated that although 16S rRNA is not a suitable method
for determining new species, it can be used for identifying
strains of known species. The interests of investigators
and the expectations of editors to name organisms has led
to the creation of a ‘97% rule’ that is inappropriate and
inaccurate for many prokaryotic species. The problem is
accentuated because microbiologists have not reached a
consensus concerning the classification of prokaryotes at
the species level based on phylogenetic data.

Data from studies on the phylogeny of prokaryotes has
informed microbial taxonomists and stimulated them to
reconsider and revise the classification of prokaryotic
genera and species. For example, Wen ¢ /. [50] deter-
mined the 16S rRNA sequence of Comamonas acidovorans

(formerly Pseudomonas acidovorans), and found that it was
phylogenetically distant from the type species of the
genus, Comamonas terrigena. On the basis of this and other
data, a new genus, Delftia was created, and Delftia acid-
ovorans ATCC15668T was made the type species. Simi-
larly, Gosink ez a/. [51] found that the 16S rRNA gene
sequence of Flectobacillus glomeratus was sufficiently dis-
similar to that of the type species, Flectobacillus major, that
a new genus, Polaribacter, was formed. These attempts to
clarify the taxonomy of prokaryotes through the inclusion
of phylogenetic data are admirable, but at the same time it
is problematic since the investigators are unwittingly
amalgamating two species concepts. While we can readily
determine the degree of similarity and difference
between the gene sequences of strains, we have yet to
decide how this information can be used as the basis for a
taxonomic classification scheme. Until we do, the com-
parison of phylogenetic data and phenetic data will
remain a comparison of apples and oranges.

While few would argue that there are recognizable clus-
ters of organisms in nature that are re-identifiable by
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virtue of their shared characteristics, there is considerable
debate over whether all organisms can be defined within a
single conceptual framework that reflects a ‘natural
order’. The search for a unifying concept for the classi-
fication of organisms has led to more than 20 proposed
species concepts. The Biological Species Concept is
among the most familiar of these, and it rests on the
premise that species can be defined as groups of actually
or potentially interbreeding natural populations which are
reproductively isolated from other such groups and
implies a closed gene pool of a Mendelian population.
This is problematic for the classification of asexually
reproducing organisms (prokaryotes, as well as many
protist and plant species) but is widely used by zoologists.
Within this framework some have argued that asexually
reproducing organisms do not form species at all [52]. The
inability to classify so much of the biological world using
the framework provided by the Biological Species Con-
cept, leads one to conclude that it is not generally useful
for understanding the extent and distribution of biological
diversity, for it does not provide a common language. On
the other hand, the solutions offered by bacterial taxo-
nomists are also not particularly useful. As mentioned
above, they advocate that to be considered the same
species the genomes of two strains must have more than
70% DNA:DNA relatedness and with 5°C or less AT,,.
The philosophical basis for this definition is obscure; it
also suffers from the fact that it is not transitive, and
difficult to apply in practice. Finally, the definition is
exceptionally coarse since application of the same defini-
tion to eukaryotes would lead to the inclusion of members
of distinct taxa into the same species in a way that is
ludicrous, for example, humans, orangutans and gibbons
would belong to the same species [53].

Conclusions

The incongruencies that arise through commonly used
approaches to classify prokaryotes leads one to consider
the validity of pluralism and antirealism — that there
are multiple, independent, theoretically valid means by
which organisms can be classified. If this is true then a
given organism can be part of several different species
taxa, one for each different species concept, thus per-
mitting the existence of many alternative species taxo-
nomies’ [54°°]. This view forms the roots of the general
lineage concept [54°°], and is not inconsistent with ideas
on how life evolved on Earth. It simply argues that
membership to a ‘species’ is a relational phenomenon
that is entirely dependent on human perspective, and
reconciliation of taxonomic groupings that are based on
distinct concepts of species may well be a futile exer-
cise. This could be especially true for the classification
of prokaryotes because of the complex and varied means
by which they have evolved. This complexity was
recently reflected in a report from a colloquium spon-
sored by the American Academy of Microbiology [55°°]
that stated:

“T’he natural microbial world can be viewed as a landscape
of genes and genome ecology, in which organisms
exchange genetic information and co-evolve with one
another, shaping themselves and the biosphere over
time. Microbial genomic evolution is crafted in microbial
communities through the dynamic interplay of mutation,
genetic drift, gene transfer, and natural selection.’

So while the classification of prokaryotes can at times
seem hopeless, it is likely that the relationships among
populations will become better understood as we gain
more knowledge of how prokaryotic genomes have
evolved, and the ecological processes that have shaped
these processes.
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