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Chapter 22

Microbial Endemism and Biogeography

BRIAN P. HEDLUND AND JAMES T. STALEY

THE MICROBIAL BIOGEOGRAPHY DEBATE

The topic of microbial biogeography is almost
100 years old, however, when confronted with ques-
tions about the existence and extent of endemism in
the microbial world, many microbiologists respond
with opinions and theoretical arguments rather than
examples of well-conducted studies. We begin this
chapter with an overview of this debate as it applies
to free-living prokaryotes in part because there are
relatively few good microbial biogeography studies.
Furthermore, the arguments help to frame microbial
biogeography in the larger context of biodiversity in
that if endemism is common, then many more species
exist.

The Argument for Microbial Endemism

Arguments for endemism among free-living mi-
crobes generally draw from examples of endemism of
other organisms. First, any international traveler
knows that many pathogenic microbes, both viral
and bacterial, have distinct biogeographies. For ex-
ample, dogs and cats entering Australia are quaran-
tined in order to prevent the introduction of the
rabies virus onto the continent. And historians are
quick to point out one of the great tragedies in human
history, the re-peopling of the Americas by Euro-
peans, who brought many new pathogens with them
to the new world. This mlcroblal invasion included
the variola virus (smallpox), the measles virus, the in-
fluenza virus, the yellow fever virus, Salmonella ty-
phae (typhoid fever), Vibrio cholerae (cholera), and
Yersinia pestis (plague) and resulted in the infection
and death of >95% of the pre- ‘Columbian native
population (Diamond, 1999). The fact that some
pathogens have distinct biogeographies may suggest
that some free"yhvmg mxcrobes have biogeographies
as well '

Another reason to suppose that endemism exists
for free-living microbes is that most plant, animal,
and some fungal species are endemic to one continent
or another. Indeed, examples of plant and animal
families and even orders are known to be endemic to
isolated islands (Brown and Lomolino, 1998). Fur-
thermore, a basic tenet of biodiversity is that species
diversity increases with decreasing body size (May,
1988, Wilson, 1992). For terrestial animals, each 10-
fold reduction in body length or 1,000-fold reduction
in body weight corresponds to roughly a 100-fold in-
crease in species diversity (May, 1988). If such a rela-
tionship held for microbes, the number of microbial
species on our planet would be astronomical and it
would seem that many microbes would have to be en-
demic to achieve this level of diversity. However, it is
important to clarify that there is no theoretical
ground for extrapolating a species richness-“body”
size correlation to include microbes, and the current
lack of a meaningful species definition for most mi-
crobes reduces any such relationship to a conceptual
level rather than a truly quantitative level. Neverthe-
less, given that endemism is the norm, why should
free-living microbes defy this pattern?

The Argument for Microbial Cosmopolitanism

The cosmopolitan view of the microbial world
has a long history (Baas-Becking, 1934) and has with-
stood the test of time relatively well. Although some
pathogens provide fuel for the endemism argument,
others are clearly cosmopolitan, consisting of a lim-
ited number of globally distributed clonal lineages,
including Escherichia coli, Haemophilus influenzae,
Neisseria meningitidis, Staphylococcus aureus, and
Streptococcus pneumoniae. Appropriately, Cho and
Tiedje (2000) have pointed out that these bacteria are
closely associated with humans and their biogeogra-
phies are inevitably affected by human activity, but it
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could be argued that free-living microbes are also dis_-
persed by human activities, leading to cosmopoli-
tanism, as is also true of many plants and animals.

The cosmopolitan view has recently been
staunchly advocated by the eukaryotic microbial
ecologist Finlay, among others, who has published
frequently in high-profile journals (Finlay, 2002;
Finlay and Clarke, 1999; Finlay et al., 1996). The
argument states that small body size and immense
population size lead to constant dispersion of mi-
crobes by a variety of mechanisms (including hu-
man-mediated) and, consequently, cosmopolitanism.
Some microbes form cysts or spores that are partic-
ularly well suited for long-term survival during pas-
sive dissemination, and even microbes that do not
form specific survival stages are known to survive
long periods in metabolically inactive states. These
microbial seeds “bloom” when and where condi-
tions favor their growth.

Based on these ideas and corroborating data on
the cosmopolitanism of many protist morphospecies,
Finlay (2002) has proposed that an ubiquity and bio-
diversity transition occurs at a body length of be-
tween 1 and 10 mm. According to this model, essen-
tially all species with body lengths larger than this
transition size have distinct biogeographies, whereas
essentially all organisms smaller than the transition
size are ubiquitous (i.e., cosmopolitan).

These arguments draw attention to the topic of
microbial biogeography and help to set conceptual
limits on microbial biogeography and diversity.
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Figure 1. Conceptual figure showing alternative biogeography and
body size models. Finlay (2002) has proposed that an ubiquity and
biodiversity transition occurs at a body length of 1 to 10 mm,
which suggests that many protozoa and nearly all prokaryotes are
cosmopolitan (solid line). Alternatively, the apparent ubiquity and
biodiversity transition may represent the size at which the mor-
phospecies concept decays, and future molecular studies may show
that most microbial species have distinct biogeographies, as do
larger organisms (dotted line). It is likely that the percentage of mi-
crobes with distinct biogeographical patterns lies somewhere be-
tween the two extreme models (question mark), ' e
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Figure 2. Conceptual figure showing the enormous effect of bio-
geography and body size models on biodiversity estimates. Ac-
cording to Finlay’s model (2002), most of the species diversity on
this planet would be in the size range of small insects (solid line).
Alternatively, extrapolation of the body size and species diversity
relationship {(May, 1988) to include microbes would yield a vastly
greater number of prokaryotic species (dotted line). In reality mi-
crobial diversity may lie between the two extremes (question
mark).

They also clarify how little we know. Figure 1
shows Finlay’s model (2002) of microbial biogeog-
raphy (solid line), which invokes that essentially all
prokaryotes are cosmopolitan. Although Finlay is
dogmatic about this view, we believe that it is far
from conclusive and present it here as a conceptual
extreme in favor of microbial cosmopolitanism. The
opposing extreme (dotted line) is that nearly all or-
ganisms have meaningful biogeographies at some
taxonomic level, regardless of size. We believe it is
important that microbiologists discuss, and eventu-
ally work toward resolving, the microbial biogeog-
raphy debate because it has great implications for
our understanding of biodiversity (Fig. 2). If Finlay
is correct, then microbes are not particularly diverse
(solid line). On the other hand, if microbial en-
demism is the norm, then the majority of diversity
on our planet is microbial (dotted line). In the fol-
lowing sections we discuss some studies on micro-
bial biogeography, which seem to suggest that Fin-
lay’s view may be correct on a certain taxonomic
level—the protist morphospecies or the prokaryotic
genus—but that some microbes have meaningful
biogeographies below that level. '

ARE MICROBIAL EUKARYOTES REALLY
COSMOPOLITAN, OR DO WE NEED A
BETTER MAGNIFYING GLASS?

The biogeography of free-living microbial eu-
karyotes has received a lot of attention; therefore it is
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significant that protozoologists seem to agree that
most protist morphospecies are cosmopolitan. To il-
lustrate this axiom, Finlay and Clarke (1999) used
transmission electron microscopy to survey 25.2 pl of
superficial sediment from Priest Pot, a small freshwa-
ter pond in the United Kingdom. In this tiny sample
they observed siliceous scales representing 32 of
the 41 known morphospecies of the ciliate Para-
physomonas. In addition, they found that the most
numerous Paraphysomonas species in Priest Pot were
also the most common Paraphysomonas species
worldwide, as estimated from 73 published surveys of
the genus. These data suggest that the more numerous
Paraphysomonas species are more likely to be cos-
mopolitan because they produce larger numbers of
cysts for dispersal.

More generally, Finlay et al. (1996) have pointed
out that intensive surveying of benthic ciliates in sev-
eral sites in Europe consistently recovered approxi-
mately 100 morphospecies, indicating that the diver-
sity of ciliate morphospecies in that habitat is limited
and well surveyed. However, it is unclear whether
these studies recovered the same 100 morphospecies
at all sites or whether some ciliates were particular to
one site or another; therefore, it seems that the im-
portant details of biogeography were lost in the num-
bers. Finlay’s group has also debunked several candi-
date endemics (e.g., Esteban et al., 2001), and these
studies provide more definitive, if not universally ap-
plicable, arguments for the cosmopolitanism of pro-
tist morphospecies.

In a study designed to determine a relationship
between protist size and cosmopolitanism, Wilkinson
(2001) compiled data on polar surveys of testate
amoebae. Contrary to the cosmopolitan morphos-
pecies axiom, the survey of 13 Arctic and 13 Antarc-
tic sites revealed that only 29 of the 127 (23%) mor-
phospecies recorded in polar samples were found on
both poles. It is important to note, however, that not
finding an organism at one pole or another should
not be regarded as evidence of its absence, particu-
larly since sampling was.limited. The author also
noted that each of the 29 cosmopolitan species was
small (<135 pm) and that a negative relationship ex-
ists between species size and the number of sites at
which it was recorded. Based on this data, Wilkinson
suggested that the maximum size for cosmopolitan
testate amoebae is between 100 and 200 wm. How-
ever,. an- alternative explanation for this pattern
would be that the apparent cosmopolitanism of small
amoebae is an‘artifact of practical limitations of the
morphospecies concept,.as generally alluded to by
Foissner (1999). Thus, it.is important to ask: Is it
species diversity (and:therefore .endemicity) that
- breaks down with decreasing size? Or is it our.ability

to resolve morphologically similar (or identical)
species that breaks down with decreasing size? It
seems obvious that at some size or morphological
complexity limit, the morphodiversity concept should
give way to a more sensitive and less subjective
molecular phylogenetic diversity concept. Perhaps
Wilkinson has described this limitation rather than a
true biogeographical pattern. Likewise, Finlay’s ubiq-
uity and biodiversity transition may instead be the
morphodiversity-molecular phylogenetic diversity
transition. In conclusion, it seems that molecular ap-
proaches would provide a better magnifying glass
than the electron microscope alone for viewing the
world of protist diversity and biogeography.

MANY PROKARYOTIC GENERA
ARE COSMOPOLITAN

Bacteriologists have also focused on polar com-
munities for studies of biogeography. Staley and
Gosink (1999) hypothesized that gas vacuolate sea ice
bacteria might be ideal candidates for endemism be-
cause they occupy specialized niches on opposite sides
of the planet. Furthermore, these bacteria are the
most psychrophilic organisms known, as many do
not grow at temperatures of >10°C; thus, it was hy-
pothesized that this extreme sensitivity may limit
transit between the poles. In essence, their approach
was to try to disprove their hypothesis by finding a
species of gas vacuolate sea ice bacteria that inhabits
both poles. Roughly 200 strains were grouped by
fatty acid analyses and the unweighted pair group
method with arithmetic mean (UPGMA) treeing and
the most closely related representatives from each
pole, representing three separate genera, were se-
lected for 16S rDNA sequencing and pairwise DNA-
DNA hybridization experiments. The end result was
that the closest Arctic/Antarctic pairs differed by 11,
18, and 6 16S rDNA nucleotides for Octadecabacter,
Polaribacter, and Psychromonas (formerly referred
to as “Iceobacter”), respectively, and none exhibited
more than 42% DNA-DNA hybridization. Thus, al-
though the study recovered very close relatives from
both poles, it failed to uncover a species that inhabits
both poles (>70% DNA-DNA hybridization is the
currently used criterion for delineating prokaryotic
species [Wayne et al., 1987]). As with other studies,
however, the absence of finding a cosmopolitan
species in this study is not evidence that such species
do not exist.

The study by Staley and Gosink (1999) exem-
plifies the general consensus among microbiologists
that most prokaryotic genera are widely distributed
in their respective habitats. Further examples of
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generic cosmopolitanism come from marine habitats
at the opposite end of the thermal spectrum. Shal-
~ low hydrothermal fields, deep hot sediments, and
hydrothermal vents are habitats for hyperther-
mophilic archaea and bacteria. A priori, it may seem
that these habitats, too, are possible sites for en-
demic microbes since many are widely separated by
oxygenated waters and most hyperthermophiles are
extremely oxygen sensitive. However, the same gen-
era of hyperthermophiles often inhabit distant ther-
mal habitats. This pattern was first described in a
pair of papers from Stetter’s laboratory (Huber et
al., 1990; Stetter et al., 1993). Enrichments from hy-
drothermal vent material from the Macdonald
Seamount in Polynesia and from deep sediments
from oil wells in the North Sea (off Scotland) and
the North Slope of Alaska each showed high levels
of DNA-DNA hybridization with probes derived
‘from Archaeoglobus, Thermococcus, Pyrococcus,
and Pyrodictium isolates from Vulcano, Italy. These
studies also helped to decipher the mode of dissem-
ination of marine hyperthermophiles. Using an ex-
tinction dilution procedure, Huber et al. (1990)
found up to 10° viable anaerobic hyperthermophiles
per liter of superficial seawater following eruptions
of the Macdonald Seamount. Thus, it appears that
hyperthermophiles are dispersed into the open ocean
where they survive in metabolically inactive states
and can be transported by currents.

More recently a very unusual hyperther-
mophile, “Nanoarchaeum equitans,” was discovered
from samples of hot rocks from the Kolbeinsey
- Ridge, a shallow hydrothermal system north of Ice-
land (Huber et al., 2002). “N. equitans” is among
the smallest organisms known, a coccus with a di-
ameter of 400 nm, and it seems to be an obligate ex-
tracellular symbiont of Ignicoccus. Phylogenetically,
“N. equitans™ represents a new phylum of Archaea,
the “Nanoarchaeota,” which was previously unde-
tected in molecular ecology surveys because it has
several base exchanges in the universal primer bind-
ing regions of the 16S rDNA. In an initial study of
the distribution of the “Namoarchaeota,” Hohn et
al. (2002) used primers specific for “Nanoar-
chaeota” 16S rRNA genes to amplify genes from
DNA purified from a variety of hydrothermal habi-
tats. One gene amplified from deep-sea vent material
from the East Pacific Rise, off the west coast of
Mexico, was identical to the “N. equitans” se-
quence. Thus, even marine hyperthermophiles that
seem to require special symbioses can be cosmopoli-
tan on the level of the 165 rRNA gene. But similar-
ity in rRNA genes often belies differences through-
out the rest of the genome and, ultimately,
important ecological differences.

NARROWING THE FOCUS: THE GENOME
AND ORGANISM SURROUNDING THE
16S RRNA GENE

The small-subunit RNA was chosen by Woese
(1987) as the ideal molecule for creating the universal
tree of life because 1t is critical for a major cell func-
tion, protein synthesss, and is therefore ubiquitous and
highly constramed. The slow rate at which the gene
evolves allowed comparison of even the most evolu-
tionarily distant organisms. But it is precisely this slow
rate of evolution that limits the gene’s utility in sub-
genus-level biogeography studies. Examples of phe-
notypically and genetically (<70% DNA-DNA hy-
bridization) distinguishable species of bacteria with
zero to two 165 rDNA sequence differences are
known (Stackebrandt and Goebel, 1994; Palys et al.,
1997, 2000). Furthermore, phylogenetic analyses of
protein-encoding genes from members of these closely
related species have yielded clearly distinguishable
groups with 6 to 10% nucleotide divergence between
the species and 0 to 1.5% divergence among members
of the same species (Palys et al., 2000).

A recent study of terrestrial thermophiles by
Whitaker et al. (2002) is the most elegant example of
microbial endemism to date and illustrates why the dis-
covery of similar or identical small-subunit rRNA
genes in distant locations is not necessarily evidence
that the corresponding organism has no biogeography.
Seventy-eight strains of Sulfolobus “islandicus” iso-
Jated from eight different sites in Iceland, the western
United States, and Kamchatka, Russia, were used for
the study. A 552-bp fragment:of the'16S rRNA gene
yielded only 10 polymorphic sites. However, sequenc-
ing of fragments of eight protein-encoding genes re-
vealed that all but one was more variable than the 16S
rDNA. When the nine gene fragments were concate-
nated and used in phylogenetic analyses, the Icelandic
strains and the North American strains each formed
monophyletic clades that were strongly supported. The
North American isolates were further divided into
groups from Lassen National Park, California, and
Yellowstone National Park, Wyoming. Within the
North American populations, even isolates from
neighboring hot springs, 5.7 km distant, could be di-
vided into monophyletic clades: The Russian strains
were more diverse than the North American popula-
tions and formed two monophyletic clades that corre-
sponded to the sampling locations from. which the
strains were isolated, the Mutnovskiy Volcano region
and the Uzon Caldera:and. Geyser Valley region. Fur-
thermore, in agreement with the conclusion that geo-

. graphlc isolation caused the phylogenetic pattern, and

not an envn'onmental factor, the authors noted a clear
correlatlon between'geographlc distance and genetic
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distance for pairwise sequence comparisons, and the
phylogenetic pattern could not be correlated with any
environmental factor. Because Sulfolobus “islandicus™
is composed of clearly distinguishable populations,
this collection of strains is ideal for population ecology
studies.

Cho and Tiedje (2000) examined the biogeogra-
phy of fluorescent Pseudomonas strains and uncov-
ered a more complex pattern of endemicity. The flu-
orescent pseudomonads comprise several closely
related species. As a group, they are ubiquitous and
typically abundant in soils, freshwater, and coastal
marine sediments and water. Thus, superficially, it
would seem that they are cosmopolitan bacteria with
no meaningful biogeography. To dig deeper, the au-
thors isolated 248 strains of fluorescent pseudomon-
ads from 59 samples from Australia, South America
(Chile), South Africa, and North America (California
and Sakatchewan) and studied them on several taxo-
nomic levels. On a coarse taxomonic level, the iso-
lates were indeed cosmopolitan. Restriction analysis
of PCR-amplified 16S rRNA genes with each of four
different 4-bp recognition enzymes (amplified rDNA
restriction. analysis [ARDRA]) revealed only four
types, two of which were found at every sampling re-
gion. To examine a finer taxonomic level, the authors
amplified 16S-23S intergenic spacer (ITS) fragments
and restricted them with each of three 4-bp recogni-
tion enzymes (ITS-restriction fragment length poly-
morphism [RFLP]), resulting in 39 types. Although
most of the ITS-RFLP types were unique to a partic-
ular sample, suggesting endemicity, three types were
found at more than one sampling region, indicating
that the ITS-RFLP types are widely distributed. To fo-
cus even further, a PCR primer specific for repetitive
extragenic palindromes was used in PCRs (BOX-
PCR) and products were analyzed on polyacrylamide
gels, resulting in 85 unique types. Each BOX-PCR
type was unique to one site. Thus, a particular, BOX-
PCR type could be isolated from adjacent samples,
between 5 and 175 m distant; however,’it was never
isolated from two locations, even sites with similar
soil and vegetation within the same region. Similar to
the ariélysis of Sulfdlbbus “islandicus,” the genetic
distance between these BOX-PCR types correlated
with the geographic distance, supporting the hypoth-
esis that geographic separation allowed genetic dif-
ferentiation. However, the relationships between dis-
tant BOX-PCR types- were not easy, to interpret
because BOX-PCR’s resolution saturates, preventing
meaningful phylogenetic analyses between distantly
related clades (Cho and Tiedje, 2000). =
- U7 Roberts and Cohan(1995) studied the biogeog-
* raphy of desert-dwelling Bacillus species using an
approach similar to that of Whitaker et al. (2002)
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and concluded that two Bacillus species are cos-
mopolitan. Like Psedomonas, Bacillus is a ubiqui-
tous, abundant soil organism. Because it forms
endospores, it could be thought of as the ideal can-
didate for cosmopolitanism because its hardiness en-
hances its survival during dispersion in comparison
with other bacteria. Isolates from undisturbed soils
in North Africa (Sahara), Asia (Gobi), and North
America (Death Valley, Mojave, Sonora) were
screened phenotypically, and approximately 100 B.
subtilis and B. mojavensis strains were selected for
detailed study. Three protein-encoding genes were
PCR amplified from each strain, and nucleotide di-
vergence was calculated from restriction patterns of
PCR products digested with 4-bp recognition re-
striction enzymes. In contrast to the results for Sul-
folobus “islandicus,” phylogenetic analyses of the
Bacillus data did not produce clear biogeographic
clades. Significantly, three genotypes were repre-
sented by isolates from separate continents, provid-
ing evidence for sub-16S rDNA level microbial
cosmopolitanism. In addition, the sequence diversity
within each B. subtilis local population (each desert)
was similar to that of the world population (all
deserts pooled), suggesting that each desert contains
most or all of the world’s diversity of these organ-
isms, similar to the data Finlay and Clarke (1999)
presented for Paraphysomonas. These data suggest
that the rate of migration between the populations is
sufficiently high to prohibit any divergence between
populations on different continents. However, a
closer look at the data suggests that the biogeogra-
phy pattern is more complex. In particular, two
well-separated clades were composed solely of
Death Valley isolates (DV4-D-3 and DV2-D-1
groups) and could be regarded as candidate
endemics.

CéNCLUSIONS AND FUTURE DIRECTIONS

The existence and extent of endemism among
free-living prokaryotes is frequently discussed and
has important implications for our understanding
of microbial evolution and diversity. Early in the
past century it was stated that “everything is every-
where, the environment selects” (Baas-Becking,
1934), and this theory of microbial biogeography
endures today in that microbiologists are still un-
aware of large taxonomic groups (genera, families,
orders, etc.) that are restricted due to geographical
barriers. However, recent investigations into micro-
bial biogeography using molecular techniques have
begun to: elucidate a_more complex pattern. of
prokaryotic biogeography . below the genus - level.
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The emerging picture seems to be that some
prokaryotes, for example, two species of Bacillus
(Roberts and Cohan 1995), are cosmopolitan to the
extent that isolates from opposite sides of the Earth
are indistinguishable from each other by phyloge-
netic analyses of several protein-encoding genes,
whereas others, for example, S. “islandicus”
(Whitaker et al., 2002), consist of biogeographical
groups that show strict endemism. The biogeo-
graphical pattern of a particular microbe may be re-
lated to its biology and its habitat, which together
determine how easily it is dispersed, whether it is
likely to remain viable during transport, and
whether it is likely to encounter a favorable envi-
ronment. From what we know of prokaryotic bio-
geography, cosmopolitanism does not necessarily
follow global abundance, as has been suggested for
microbial eukaryotes, since endemicity has been
shown for fluorescent Pseudomonas isolates (Cho
and Tiedje, 2000). Nevertheless, it seems reasonable
to hypothesize that less-abundant microbes are
more likely candidates for endemism. Although it is
generally agreed that most protist morphospecies
are cosmopolitan, protist biogeography has not yet
been addressed by molecular approaches; therefore,
details of the biogeography of microbial eukaryotes
remain unresolved.

The studies by Whitaker et al. (2002) and Cho
and Tiedje (2000) resoundingly dispel the myth that
no microbes have biogeographies. Thus, future ques-
tions of microbial biogeography need not focus on
whether microbial endemism exists. Rather, they
should focus on how common endemism is and what
a given biogeographical pattern means for the popu-
lation ecology of a given microbe (e.g., migration
rates, estimating times of microbial colonization
events, whether biogeographic populations have di-
verged into separate ecotypes). Although we may be
moving closer to understanding what a microbial
species is (Cohan 2002), we believe that the use of dif-
ferent species definitions by different researchers, and
even more so by researchers in different fields of biol-
ogy, leads to unproductive arguments. For example,
depending on what opinion a researcher is predis-
posed to, he or she might argue that the biogeo-
graphic S. “islandicus” clades described by Whitaker
et al. (2002) are endemic species (an example of en-
demic species!) or that they are simply endemic pop-
ulations (there are no endemic microbial species!). So,
the challenge is this: can large numbers of closely re-
lated microbes be divided into biogeographic clus-
ters? And do the genetic distances between clusters
correlate with geographic distance or:some obvious
geographical demarcation? It seems that the ap-

proach of Whitaker et al. (2002), using phylogenetic:

analyses of concatenated gene fragments, provides
the best model for biogeographical studies.

To get a handle on the extent and degree of
endemism in the microbial world, we urge microbi-
ologists to investigate microbes from different habi-
tats and with different lifestyles. Marine plankton,
for example, are ecologically important organisms
that ‘might be more likely candidates for cos-
mopolitanism due to constant mixing, yet the
biogeography of planktonic bacteria has never been

addressed.
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