Org. Divers. Evol. 1, 179-191 (2001)
© Urban & Fischer Verlag
http://www.urbanfischer.de/journals/ode

ORGANISMS
DIVERSITY &
EVOLUTION

Geographical diversity of genomic lineages in Bacillus subtilis

(Ehrenberg) Cohn sensu lato

Conrad A. Istock*, Nancy Ferguson, Nancy L. Istock, Kathleen E. Duncan?

Department of Ecology and Evolutionary Biology, University of Arizona, Tucson
! Present address: Department of Microbiology, University of Oklahoma, Norman

Received 25 September 2000 - Accepted 26 April 2001

Abstract

Prior genetic studies of wild isolates of Bacillus subtilis (Ehrenberg) Cohn from a single site in Arizona, USA, revealed four deeply separated lin-
eages within this bacterial species traditionally defined through its physiological traits. The present study examines isolates from eight sites at
varying degrees of geographical separation to assess the global genomic variation of B. subtilis. Sites are located in Arizona, California, and
Utah in the USA, and in Mexico, Chile, Chad, Tunisia, and China. Using a random 10-bp PCR primer, RAPD DNA fingerprints were obtained for
106 isolates. From these data a UPGMA dendrogram was constructed. Six major genomic lineages separating at 9-18% similarity were found.
Tree topology was virtually identical with an independently derived phylogeny using distinctly different data. Three lineages were the same as
previously observed in Arizona, two were new, and one involved association of a small cluster of Tunisian isolates with the single member of a
distinctive fourth lineage from Arizona, though this association was ambiguous. Four of the lineages were found on three or four continents;
the others were found only on one or two continents depending on the interpretation of the ambiguous association. Within each major lineage
there were cascades of sublineages. Some sublineages exhibited geographically local genomic differentiation; others mingled similar genomes
from geographically distant locations. The major lineages separated at levels of genomic similarity only slightly different from those observed

with random permutations of the data.
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Introduction

Previous studies have reveal ed deep subdivisionswithin
large fields of genetic variation in traditionally recog-
nized species of Bacillus Cohn and other bacteria (Dun-
can et al. 1989, 1994; Rossello et al. 1991; Istock et al.
1992, 1996; Welsh et al. 1993; Souza et al. 1994, 1999;
Bell & Friedman 1995; Sikorski et a. 1999). For Bacil-
lus subtilis (Ehrenberg) Cohn, at least, the depth of
these subdivisions or genomic lineages suggests that
this species — recognized traditionally by its physiologi-
cal characteristics (Gordon et a. 1973) —may not be ge-
netically cohesive (Templeton 1989, Istock et a. 1996).
Genetic cohesion means that genetic variation grades
smoothly among members of a species, without sharp
internal boundaries and subdivisions. Since at least
some Bacillus species undergo genetic exchange
through natural transformation, with potential transfer

of DNA stretches up to 50 kb (Itaya 1999), they havethe
potential for such genetic cohesion (Graham & Istock
1978, 1979, 1981).

Initially, we discovered genomic lineages within B.
subtilisthrough allozyme alelic differences, but exactly
the same major lineages appeared when we used the
Randomly Amplified Polymorphic DNA technique
(RAPDSs) and other molecular biological methods (Dun-
can et al. 1994, Istock et al. 1996). One subdivision
within the traditional concept of B. subtilis has subse-
guently been claimed to be genetically isolated from
other B. subtilis and named B. mojavensis (see Roberts
et al. 1994). Another subdivision consisting of fiveiso-
lates from Death Valley, California, has been named B.
vallismortis (see Roberts et al. 1996). Several sub-
species within B. subtilis have also been named (Naka-
mura et al. 1999). Throughout this paper we use the
species name B. subtilisin its broad, traditional sense
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(Gordon et a. 1973, Sonenshein et al. 1993), for reasons

that will be explained in the Discussion section.

Many bacteria may have no geographical boundaries
to their dispersal, making the whole earth their potential
geographical range: an expansive environmental setting
for their evolution. This possibility is particularly strong
for spore-forming bacteria such as Bacillus. Widespread
dispersal can occur because Bacillus spores attach to
minute, near-surface soil particles that become airborne
and travel back to earth in precipitation and dryfall. We
have isolated colonies from rain (unpublished data).
Roberts & Cohan (1995) provide additional discussion
of widespread Bacillus dispersal.

In thisreport we analyze the geographical distribution
and structure of B. subtilis genomic lineages using
RAPD fingerprints, extending earlier studies of the local
population structure of B. subtilis at Tumamoc Hill, Ari-
zong, to locations in California, Utah, Mexico, Chile,
China, Tunisia, and Chad.

The questions are:

1. How are B. subtilis genomic lineages distributed
around the world? Are they geographically local or
cosmopolitan? How many are there?

2. Does genomic variation within lineages diverge |o-
cally? Or is migration so great that it swamps local
differentiation?

3. To what extent are B. subtilis populations clonal, lo-
cally and globally?

4. Is B. subtilis, as traditionally defined according to
physiological characteristics, asingle, genetically co-
hesive species? Or does genetic cohesion best apply
to the genomic lineages within it?

5. How might genomic lineages arise? What role may
they play in the evolution of bacterialike B. subtilis?

Materials and methods

Obtaining wild isolates

All of the B. subtilis isolates used in this study came
from sporesin soil samples taken at their respective lo-
calities. We extracted isolates from soils sampled at Tuc-
son, Arizona (Tumamoc Hill); Hill Air Force Base,
Ogden, Utah; Pinacate, Sonora, Mexico;, Atacama
Desert, Chile; and the Sahel, Chad. Dr. Frederick Cohan
provided isolates from the Mojave, Gobi, and Sahara
Deserts. A total of 106 isolates was used. The original,
arcane, isolate labels have been retained for consistency
with other publications (Table 1).

Species identifications were made using APl 20E and
Rapid CH System (Analytab Products, Plainview, NY,

Table 1. B. subtilis sensu lato isolates establishing concordance between genomic lineages of this study and phylogeny obtained by Roberts

& Cohan (1995)

Genomic lineages

B F c D C E A
T89-48° RO-E-22 TU-F-72 T88-10° T88-8° TU-A-10? RO-C-22
T89-10° RO-G-42 TU-B-82 T89-3° TU-E-92 TU-A-82
T89-55° TU-D-62 TG1-16° TU-A-72 TG2-42°
T89-18° TU-E-62 TT1-23° TU-E-82 TG3-41°
T89-49° TU-B-10? T89-6° RO-H-12

Tf-32¢ TT1-33¢ RO-B-22 T89-14¢
T89-18° T-88-11° RO-QQ-22

TG2-5° T-89-6° IM-A-2242

T3AL14¢ TU-D-82 IM-A-3122

TU-C-62 TU-F-62 IM-B-352

TU-C-72

TU-C-10°

RO-A-42

RO-DD-2¢

RO-CC-12

RO-GG-22

RO-L-22

RO-FF-12

aWild isolates from Dr. Frederick Cohan’s laboratory used in present study
b Wild isolates from our laboratory used in present study and correct in Roberts & Cohan phylogeny
¢Wild isolates from our laboratory correctly classified in Roberts & Cohan phylogeny, but not used in present study

dSingle misclassified isolate in Roberts & Cohan phylogeny
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USA; Logan & Berkeley 1984). Theisolation procedure
was described in Duncan et al. (1994).

DNA isolation

DNA from B. subtilisisolates was extracted using the
rapid procedure of Miller et al. (1988) adapted for
Gram-positive bacteria as follows. Each isolate was
grown overnight in Penassy broth (Difco). Cells (1.5
ml) were collected in a microfuge tube, washed in Tris
EDTA (10 mM Tris pH 8.0, 1 mM EDTA), collected
again and resuspended in 567 pl Tris EDTA + 30 pl of
10% SDS + 3 pl Proteinase K at 20 mg/ml. After incu-
bation at 37 °C for 30 min, the cells were collected, the
supernatant discarded, 600 pl of TEN (10 mM Tris
pH 8.0, 0.4 M NaCl, 2 mM EDTA) added, followed by
5 minincubation in awater bath at 75-80 °C. Next, 3
ul RNase A (10 mg/ml) were added, the cells were in-
cubated for 15-60 min at 37 °C, then cooled to room
temperature. Saturated NaCl (0.2 ml) was added, fol-
lowed by vortexing and centrifugation. The super-
natant was added to 0.6 ml cold isopropanol, mixed
and centrifuged again. The isopropanol was poured
off, and 0.6 ml cold 70% ethanol added to wash the
DNA. After gentle mixing and centrifugation, the
ethanol was poured off and the tube was allowed to air
dry. The DNA was resuspended in 100 pul 1mM Tris
(pH 8.0).

PCR amplification and RAPD-DNA fingerprinting

A single, random 10-mer primer, OPA-03 (sequence =
AGTCAGCCAC,; Operon Technologies, Alameda, CA,
USA), was used to obtain DNA fingerprints for all 106
isolates. This primer produced asingle “universal” band
of about 2200—2300 bp in al B. subtilisisolates, afrag-
ment not yet seen in other Bacillus species. It providesa
check on isolates identified as B. subtilis using the API
system. A second, random 10-mer primer, OPA-02 (se-
gquence = TGCCGAGCTG), was used to provide com-
parisons involving a small number of isolates with re-
sults from OPA-03 fingerprinting, but data for all 106
isolates using OPA-02 ishot available.

Exclusive of the template DNA, our PCR reaction
mixture was made as a single cocktail to provide 15 pl
for each reaction. Hence, each tube containing 10 pl of
DNA suspension received 4 pl 25 mM MgCl,, 6.3 ul
H,O, 1 il dNTPs, 2.5 ul 10 ( PCR Buffer 11, 1 pl primer,
0.2 ul Tag DNA polymerase (5 units/ul), with Tag added
last. Thirty pl of mineral oil were overlayed on each re-
action mixture in a 400 pl microcentrifuge tube. PCR
amplification took place in a thermal cycler (Perkin-
Elmer) programmed to denature at 94 °C for 1 min, an-
neal at 50 °C for 1 min, elongate at 72 °C for 2 min, for
30 cycles, with afinal cycleof 5minat 72 °C.
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Reaction mixtures were held at 4 °C; 5 pl of loading
dye was added prior to loading of 10 pul per gel pocket.
Electrophoresis was performed at 45 mA with 1 x TBE
buffer in 1.5% agarose/1 x TBE gels containing 0.5 pg/ml
ethidium bromide. Each gel had a 1-kb DNA ladder of
standards (Life Technologies, Grand Island, NY, USA)
in four lanes spaced across the gel. In addition, indepen-
dent reactions for the same four Arizonaisolates repre-
senting genomic lineages A—-D wereincluded in each gel
(indicated by double asterisksin Fig. 1).

Creating the RAPD data set

RAPD gel images on Polaroid type 55 negatives were
scanned into digital form and analyzed using Whole
Band Analyzer software (Millipore Co., Bio Image Ap-
plications, Bedford, MA, USA). In addition to matching
fragments across different gels using the printed results
from the image analysis, all scorings were checked visu-
ally. With one exception, fragments larger than 3000 bp
were not scored because they did not amplify consi stent-
ly. The exception was afragment of approximately 3400
bp that consistently marked many lineage D isolates
(Fig. 5). With the OPA-03 primer and al 106 isolates, 67
different fragments were recognized, resulting in a total
of 1081 individual fragments scored. The average num-
ber of fragments per isolate was 10.2, with a variance of
6.26 and range of 4-16. With the OPA-02 primer, about
3-4 more fragments amplified on average.

To maintain consistency in scoring across many gels,
the fingerprint data matrix of fragments by isolates was
built up progressively. Thiswas done by combining data
from gelsfor onelocality at atime with aninitial refer-
ence set of 13 Arizonaisolates (indicated by single or
double asterisksin Fig. 1), and then combining data for
all thelocalities. Onceisolatesfrom al localitieswerein
the data set, more isolates from Arizona were added to
produce a better representation of lineages A—D from
that location. Two factors cause geographical variation
in the number of isolates obtained: the actual abundance
of B. subtilis sporesin a soil sample, and successin ob-
taining high quality resolution via PCR and elec-
trophoresis. Information concerning the reproducibility
of RAPD fingerprintsis presented in the Results section.

Statistical analyses

Dendrograms were constructed using the Jaccard simi-
larity coefficient (Jaccard 1901, Norusis 1994) and the
UPGMA method in the hierarchical cluster routine of
SPSS for Windows v. 6.0 (Norusis 1993). The Jaccard
coefficient yields fractional values from zero to one that
can also be expressed as percentages.

Matrices containing random permutations of the actual
RAPD datafor 106 isolates were created using Microsoft
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Excel 97 (Microsoft Corp.), and dendrograms from these
were constructed for comparison with the one from the
actual data. The procedures for constructing such random
matrices can be found in the Excel documentation. To
create these random images a matrix of random rational
numbers between 0 and 10 was created having the same
dimensions as the actual data. Then a cutoff value among
the random numbers was adjusted to produce a 0-1 ma-
trix with a mean and variance for the number of frag-
ments per isolate matching the data. The conversion from
the matrix of numbers between 0 and 10 to a matrix of Os
and 1sused the IF-THEN statement provided in Excel.
This procedure was performed with and without asingle
fixed or “universal” fragment (Fig. 5). Other statistical
tests were calculated using S-Plus (Mathsoft, Inc.).

Results

Genomic lineages

Previous analysis of allozyme data for 60 wild isolates
from Arizona, plustwo laboratory strains (168 and W23),
classified theminto four major groupscalledA, B, C, and
D, with group C asingle isolate. Among the 60 wild iso-
lates there were 55 different el ectrophoretic types, and
five pairs of clonemates. Southern hybridization data for
25 of theseisolatesidentified the same four groups (Dun-
canet al. 1994: Fig. 1). [Thedendrogram in Duncan et a.
(1994) used simplified labels for the isolates and labora-
tory strains. The same dendrogram with the original la-
bels, ones consistent with the present paper, appearsin
Istock et al. (1996: Fig. 1)]. Likewisefor the same 25 iso-
lates, the OPA-03 or OPA-02 primers yield RAPD data
that produce an identical UPGMA classification (Fig. 1)
that illustrates the deep subdivision and extensive varia-
tion in B. subtilis as we understood it at the onset of the
present study. Jaccard similarity coefficients for the three
highest level branchings separating four major lineages
were 0.07, 0.12, and 0.13 when the OPA-03 primer was
used, indicating that the lineages are very different. With
OPA-02 the values were 0.09, 0.12, and 0.22. Further
subdivision within the lineages is extensive. The highest
similarity valueis 0.83, because the 25 isolates do not in-
clude any clonemates.

Figure 2 illustrates the process of combining isolates
from a second location, the Atacama Desert of Chile,
with thereference set in Fig. 1. Atacamaisolates classify
with lineagesA, B, and D. Similarity valuesfrom 0.08 to
0.15 separate the four lineages, including C. Within the
three mgjor lineages the Atacama genomes form distinct
sublineages, suggesting that local differentiation may
have occurred after each lineage became established.
Another unusual feature is the extent of clonality among
the Atacama organisms. The concentration of B. subtilis
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Fig. 1. Dendrogram based on RAPD fingerprints, illustrating the deep
separation of major genomic lineages found in a sample of 25 iso-
lates from the Tumamoc Hill site, in the Sonoran Desert of Arizona.
Cascades of increasing similarity among genomes are observed with-
in lineages A, B, and D. Decimal fractions are Jaccard similarity values.
The 13 isolates with single or double asterisks were used as a refer-
ence set in the sequential assembly of the complete data set (see
‘Materials and methods’). Double asterisks identify the four isolates
included in all RAPD gels. The OPA-03 primer was used.

spores in these soils was approximately 102-10%g, two
to three orders of magnitude lower than usual in other
deserts. The Atacama Desert is one of the driest places
on Earth, frequently experiencing periods of several
consecutive yearswithout rain. Yet it has considerable B.
subtilis genomic diversity, and the unusually high fre-
quency of clonality suggests there has been local repro-
duction, not just accumulation of sporesin precipitation
or dryfall from the atmosphere. Previously we suggested
that clonality might be common at low density, because
even when competent for genetic exchange cells do not
encounter each other frequently enough to accomplish
extensive mixis (Istock et al. 1992).

How reproducible are RAPD fingerprints?

Even with good PCR reactions and clear gels, RAPD re-
sultsare often far from identical when the sameisolateis
fingerprinted independently. In an earlier paper we
showed that pairwise similarity values can range from
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0.40 to 1.00 for fingerprints from the same isolate (Is-
tock et al. 1996), indicating that on average RAPD fin-
gerprints underestimate genomic similarities. However,
thisvariation never caused isolates to be misclassified as
to major genomic lineage because the similarity between
major lineages was only 0.10-0.16 (Istock et al. 1996:
fig. 3). For the present study, we analyzed six indepen-
dent RAPD fingerprints from different PCR reaction
mixtures and gels for the four isolates included in all
gels(T88-8, T89-17, TG2-42, and T89-39 of lineages C,
B, A, and D, respectively), and these were used to cal cu-
late Jaccard similarity coefficients. When a dendrogram
(Fig. 3) was constructed with these data, the results
were: (1) repeat fingerprintsfor each of theisolates clus-
tered separately without misclassification into the four
“genomic lineages,” with separation of the lineages at
similarities of 0.10, 0.16, and 0.23; and (2) within these
“lineages’ the mean similarity was 0.72, with a standard
error of 0.04 and arange from 0.38 to 1.00. Again, itis
clear that RAPDs frequently underestimate genomic
similarities.

The rapid procedure we used to isolate DNA does not
involve quantification of DNA concentrations prior to
PCR amplification. Fluctuation in DNA concentrations
might have engendered the variation in Fig. 3. Degrada-
tion of DNA during storage between electrophoresis
runs might also contribute, but storage at 4° C makesthis
unlikely. Less than perfect matching of primers and tem-
plate DNA may also occur to a variable degree during
amplification. Nonethel ess, the procedures we followed
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did faithfully classify genomes belonging to deeply
branching lineages, the main focus of this paper. Greater
reproducibility is achieved when all DNA samples are
amplified using a single PCR reaction mixture, and are
run on asingle gel. When isolates have identical finger-
printsit is safe to conclude they are clonemates.

The complete dendrogram

Figure 4 provides a UPGMA dendrogram for all 106 B.
subtilisisolates. The Arizonaisolates with lineage iden-
tifications A—D appended are shown in boldface type.
An additional, geographically dispersed lineage E ap-
peared. Two clonemates from the Mojave Desert of Cal-
ifornia added a distinct lineage F, the first to branch off
at the top. The six mgjor lineages separate with similari-
ty values between 0.09 to 0.18, the latter applying to the
separation between lineages C and D. The principal re-
sult is that four of the lineages (A, B, D, E) have geo-
graphically extensive representation, while C, C', and F
may have more limited distribution. Clonemates appear
in isolates from Chile (three times), Mojave, Mexico
(twice), Tunisia (twice), and in astriking pair from Utah
and the Gobi Desert in lineage E. Thislow level of clon-
ality islikely due to the inflation of differences with the
RAPD technique.

The relationships between lineages and locations are
summarized in Table 2. Because of wide variation in
sample sizes, the present data and Fig. 4 provide only a
sampling of the number and geographical distribution of
B. subtilis lineages. Indeed, there is a strong correlation
between the number of isolates for a lineage and the
number of locations where it was found (Pearson r =
0.977, p = 0.0004, df = 4; Spearman p = 0.971, p =
0.0175). A weaker, but significant, correlation obtains
between the number of isolates per location and the
number of lineages found per location (Pearson r =
0.618, p=0.05, df = 6; Spearman p = 0.707, p = 0.033).

Fig. 4. Complete dendrogram for 106 B. subtilis isolates from eight
areas across the world. Localities are identified by either the first let-
ter or two of their strain labels, or by a prefix in parentheses that is
not part of the strain label. Sonoran Desert isolates from Arizona,
with initial letters T or TG, shown in boldface type with suffixes (A),
(B), (C), and (D) to indicate the original delineation of these major lin-
eages. Thus, Arizona isolates anchor geographically dispersed isolates
in the present study to original discovery of major genomic lineages.
Genomic lineages are identified by large letters at far left, with C the
single Arizona isolate for this lineage, and C' denoting a potentially
related sublineage. The geographical sources of other isolates are in-
dicated as: CH = dry grassland in Chad, CL = Atacama Desert of
Chile, (GO) = Gobi Desert in China, (ME) = Sonoran Desert in Pincate,
Mexico, (MO) = Mojave Desert in California, TU = Sahara Desert of
Tunisia, U = grassland in Utah. Decimal fractions are Jaccard similari-
ty values. The OPA-03 primer was used.
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Table 2. Numbers of B. subtilis s. |. isolates by geographic location and major genomic lineage
Locations Bacillus subtilis lineages

A B CI/C’ D E F Row

totals

USA, Arizona, Sonoran Desert 6 1 11 27
USA, California, Mojave Desert 1 6 3 2 12
USA, Utah, Hill Air Force Base grassland 2 1 3
Mexico, Sonora, Pinacate, Sonoran Desert 5 2 2 9
Chile, Atacama Desert 10 4 8 22
Chad, SubSaharan Sahel 7 7
Tunisia, Sahara Desert 1 3 5 2 6 17
China, Gobi Desert 9 9
Column totals 25 31 6 23 19 2 106

Table 3. Frequency of shared RAPD fragments in the total sample of isolates, within genomic lineages, and in geographically local clusters (see

Fig. 4)
Number of isolates Average percentage
of fragments shared?
with without with without
clusters clusters clusters clusters
Total sample 104 50 15 18
Major genomic lineages 34.8 36.5
A 25 11 40 42
B 31 21 28 34
c/C' 6 1 46 NAP
D 23 7 26 37
E 19 10 34 33
F 2 2 100 100
Geographically local sublineages 68.4 (all sublineages)
Tunisia cluster in sublineage C' 5 62
Chile cluster in lineage A 9 99
Mojave cluster in lineage B 6 52
Chad cluster in lineage B 6 61
Chile cluster in lineage D 8 80
Tumamoc cluster in lineage D 8 48
Pinacate cluster in lineage A 5 82
Gobi cluster in lineage E 5 61
Tunisia cluster in lineage E 4 71

aWilcoxon rank-sum test of clusters versus lineages without clusters included in their respective lineages, (with C' included only among clus-
ters, and C/C'" and F not included among lineages); Z = 2.704; p = 0.0065

b NA: not applicable because C has only one isolate.

WithintheA, B, D, and E lineages there are instances
where isolates from the same geographical location clus-
ter in asublineage (Fig. 4). These are listed in Table 3.
By contrast, in parts of lineages A, B, and E isolates
from different parts of the world are mingled, for exam-
ple the putative clonemates from Gobi and Utah in the E

lineage joined by isolates from Tunisia and Mojave.
Other sublineagesincludeisolates from disparate places.

A dendrogram perforce establishes a hierarchy of in-
creasing genomic similarity from the entire sample to
major lineages to smaller and smaller sublineages in-
cluding local geographical clusters. We recognize major
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lineages branching at similarity values of ~20% or less LINEAGE

by the fact that, with the exception of lineage F, and pos-

sibly C and C', they were found in several partsofthe  1kb A B C/C' D E F
world. Sublineages form at similarity values ranging up-
ward from 25% (Fig. 4). Genomic resemblance at vari-
ous levelsin the hierarchy can be measured by first cal-
culating the fraction of isolates in a cluster that have
each RAPD fragment, and then by expressing the aver-
age of these values as a percentage. Thisisthe “average "Universal"
percentage of fragments shared”. Table 3 lists this mea- band
sure for several levels: the total sample of 106 isolates, /

f

each major lineage with and without sublineages, and P
for sublineages with local geographical clusters. Exclud- —
ing the value of 100% for lineage F with only two iso-

|lates, thereis no overlap between valuesfor lineages and —> .

geographically local clusters, and the differenceis cer- — _—

tain to be statistically significant (Wilcoxon test, Table

3). Genomes in geographically local clusters share I

RAPD fragments about twice as frequently as do

genomes within each major lineage taken asawhole. If

the value of 100% for F is included the relation is —

marginally significant (p = 0.0827), but then the other ]

four geographical clonal pairs should be included on the | L

sublineage side, and significance returns (Z = 2.0928, p

=0.0364). Thus, local geographical differentiation oc- _—
I

curs in some places and is not swamped by migration
from other parts of the world. I

Randomness in divergence of lineages?

Eight random permutations of the data behind Fig. 4 |
were performed, four with and four without a* univer-
sal” band (Fig. 5). Without a universal band the Jaccard
valuesfor the first six major subdivisions in the random
emulations ranged from 0.05 to 0.08, somewhat |ower
than the observed values of 0.09t0 0.18in Fig. 4. Onthe
other hand, with the universal band Jaccard values were
0.11-0.13, starting slightly higher than the observed val- =
ues. In both cases the random values lie in a narrower
range. Thus, the degrees of similarity separating the
major genomic lineagesin Fig. 4 are close to those ex-
pected with random divergence of major lineages, and
consistent with the possibility that much of thereal di-
vergence is due to random mutation with little recombi-

Fig. 5. Schematic representation of RAPD signatures of genomic lin-
eages A-F identified with OPA-03 primer. Vertical lines and arrows in-
dicate characteristic parts of genomic signatures. Fragment bands
spaced as accurately as possible relative to standard 1-kb ladder in
gray at left, but spacing of ladder not meant to be exact. Computer
analysis of gel images used exact spacing and size values for the lad-
der. The 5090-bp band is uppermost one shown for ladder; smallest
band from ladder is 236 bp. The B. subtilis universal fragment of ap-
proximately 2200 bp also shown in gray.
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nation between major lineages, possibly augmented by
purifying (periodic) selection (Palyset a. 1997).

However, within “major lineages’ the random emula-
tions differ markedly from Fig. 4. The highest similari-
ties between any of the 106 mock isolates in random em-
ulations range from 0.23 to 0.54, while similarity values
range from above 0.5 to 1.0 within each of the mgjor lin-
eages found in nature. Hence, there is much greater “ge-
netic cohesion” within the mgjor lineages of Fig. 4 than
randomness can emulate. The latter observation is also
consistent with some recombination within lineages and
sublineages, some purifying selection, modest clonal
proliferation, or al of these together.

Genomic lineages and genetic cohesion

Evidence of genetic cohesion within lineages was also
found in the genomic signatures depicted in Fig. 5. As
we accumulated RAPD gels it became clear there were
repeated patterns marking each magjor lineage. To repre-
sent these in a systematic way any fragments that ap-
peared in more than 40% of the isolates of agiven lin-
eage, and in at least two geographical locations, werein-
cluded in Fig. 5. These criteriawere used to extract what
we actually saw on the gels, because while some isolates
inagiven lineage had the full pattern, others had parts of
it missing. However, even with some diagnostic frag-
ments missing, on visual inspection we could still pre-
dict with complete accuracy into which lineage an iso-
late would fall when the dendrogram was constructed,;
these are strong patterns. The fact that, on average, the
fragmentsin Fig. 5 were present in 76-86% of the iso-
lates in lineages A—E, was another way of indicating
their prominence. This value was necessarily 100% in
lineage F.

These signature patterns may represent remnants of
the full ancestral genome for each lineage, remnants not
yet erased by mutation, selection, or recombination.
However, it is possible that some or al of the fragments
in these patterns have arisen since the origin of thelin-
eage, have subsequently been shared around the lineage
through recombination, and have gone to fixation or
near fixation. In the latter case, genomic similarity
would be building up and not due simply to retention of
parts of an ancestral genome. Possibly, these processes
oppose each other to create an evolving signature within
each mgjor lineage.

Association of the C' subcluster of five Tunisian iso-
lates with the single C isolate from Tumamoc, Arizona,
in Fig. 4 is problematic, with only 28% similarity be-
tween them. This association stems largely from the fact
that all six isolates variously share the two fragmentsin-
dicated by arrowsin the C/C' lane of Fig. 5. With finger-
prints obtained using the OPA-02 primer dendrogram
(not shown), C' was not associated with lineages C or D,
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but with A at a similarity of 30%. When OPA-02 and
OPA-03 fingerprint data were combined, the two C' iso-
lates for which such datawere available clustered with C
at 33% similarity (not shown). Hence, we use C' as a
designation for these five Tunisian isolates to recognize
thisweak and ambiguous relationship.

Genomic lineages and gene phylogeny

Using restriction site variation in PCR-amplified seg-
ments of three genes (gyrA, a DNA gyrase; polC, the
DNA polymerase I11; rpoB, the 3 subunit of RNA poly-
merase) Roberts & Cohan (1995: Fig. 1) constructed a
maximum-parsimony phylogeny for 115 wild isol ates.
Based on previous work (Roberts et al. 1994) and this
phylogeny, Roberts & Cohan split B. subtilisinto two
species: B. subtilis and B. mojavensis. A schematic rep-
resentation of the branching topology of the Roberts &
Cohan phylogeny appears as solid linesin Fig. 6 (their
outgroups omitted).

The Roberts & Cohan study included some of our
Sonoran Desert isolates and we included some of their
isolates from the Gobi, Mojave, and Sahara Desertsin
the present study (Table 1, Fig. 4). Although there was
no prearranged focus on a common set of isolatesin the

—B (18)
T F @
/ — C’ (5) Bacillus
subtilis
i i—D (10)
—Cc ()
?
E (10)| Bacillus
A @ mojavensis

Fig. 6. Comparison of phylogenies from Roberts & Cohan (1995) and
present study. Solid lines provide simplified version of topology from
Roberts & Cohan, using restriction site analysis of portions of three
genes. Letters A—F associate exact relationship of genomic lineages
found in present study (Fig. 4). Numbers of wild isolates that support
concordance are listed in parentheses. Recognition of B. subtilis and
B. mojavensis as new species within B. subtilis sensu lato is due to
Roberts & Cohan. The “?” indicates distinctive set of isolates from
Death Valley, California, possibly an additional major lineage, named
B. vallismortis by Roberts et al. (1996).
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two studies, there was sufficient overlap in the isolates
used to result in aremarkable concordance between the
genomic lineages of Fig. 4 and the Roberts & Cohan
phylogeny (Fig. 6). LineagesA—F of Fig. 4 appear clear-
ly inthe Roberts & Cohan phylogeny, along with one ad-
ditional potential lineage (the“?’ in Fig. 6) comprising
five distinct isolates from Death Valley, California, sub-
sequently named B. vallismortisby Robertset a. (1996).
Nakamura et al. (1999) have given subspecific names to
the B and D lineages:. B. subtilis subsp. subtilis, and B.
subtilis subsp. spizizenii, respectively.

There were 50 out of 51 isolates (Table 1) that
matched our genomic lineages to the main clades and
subclades in the Roberts & Cohan phylogeny. Even the
single member of lineage C (T88-8) also appeared alone
in that phylogeny. A single mismatch occurred: isolate
T89-14 was the most extreme member of the clade with-
in the Roberts & Cohan phylogeny that matches our B
lineage. However, it was a member of the A lineage in
two earlier genetic analyses using different methods, al-
lozyme electrophoresis and Southern hybridization
(Duncan et a. 1994; where T89-14 = S89-13), asit was
with RAPDs (Figs. 1, 2, and 4). Figure 6 includes the
separation of B. subtilis and B. mojavensis, but for sim-
plicity we have not added the subspecies names assigned
by Nakamuraet a. (1999).

Using our notation, each of the mgjor lineages from
Fig. 4isshownin Fig. 6 where they match the Roberts &
Cohan phylogeny. Numbersin parentheses are the num-
ber of isolates from both analyses concordant for each
clade/lineage. The binomial probability for only one
mismatch out of 51 trialsis ~10-*! using a probability of
6/7 for awrong association of an isolate between lineage
and cladein each trial.

There remain three discrepancies between our results
and those of Roberts & Cohan (1995). (1) In Fig. 4 the
most divergent lineage is F, asindicated by the dotted
line to the base of the tree in Fig. 6, while it was interna
to a“strain 168 group” in the B. subtilis section of the
Roberts & Cohan phylogeny. (2) C' is more closely al-
lied with C and D in Fig. 4, not with F asin the Roberts
& Cohan phylogeny (in their “ strain W23 group” within
B. subtilis), although the correct relationship remains
ambiguous. A short dotted line in Fig. 6 indicates the
possible relation of C' with C and D. (3) Another poten-
tial problem lies with lineages A and E. Isolates from
both these lineages were included under B. mojavensis
where they actually form separate subclades in the
Roberts & Cohan phylogeny, and A and E have only
16% genomic similarity based on RAPD fingerprints
(Fig. 4). Since RAPDstend to underestimate similarity it
will be interesting to obtain additional estimates of ge-
nomic similarity between A and E with other methods,
because the results will bear directly on the operational
problem of delineating Bacillus species.
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Phenotypic variation

Asin previous work (Duncan et al. 1994), we have been
unableto find any correspondence between genomic lin-
eage structure and the distribution of phenotypic traits
among isolates assessed using 60 APl metabolic/bio-
chemical tests. In the current instance, 144 isolates of B.
subtilis, identified in the traditional way (Gordon et al.
1973, Logan & Berkeley 1984), were used to construct a
phenotypic dendrogram (not shown) similar to the
smaller one in Duncan et a. (1994). Nothing corre-
sponding to the underlying genomic lineages was ob-
served. With the exception of afew isolates branching
off at 61-78% phenotypic similarity, aimost all isolates
are 80-100% alike. A similar absence of phenotypic
structure related to genetic structure was found in stud-
ies of Pseudomonas stutzeri (Lehmann & Neumann) Si-
jderius (see Rossello et al. 1991, Sikorski et al. 1999).

Such results suggest that the large divergences among
genomic lineages may be phenotypically and ecologi-
cally neutral, including the separation of B. subtilisfrom
B. mojavensis, and lineages A and E within B. mojaven-
sisaswell. However, we do not know if the API tests, or
other physiological attributes evaluated in the laborato-
ry, provide ameaningful assessment of ecological differ-
entiation in nature. The lives of bacterial cellsin natural
soilsinvolve many conditions not captured by such tests,
e.g., predators, soil chemistry, soil structure, moisture,
bacteriophages, antibiotics, and plant root exudates. B.
subtilis (sensu lato) certainly encounters some ecol ogi-
cal restrictions in nature. We failed to isolate it from nu-
merous soil samples from mesic habitatsin Costa Rica.
Surprisingly, we aso failed to isolate it from soils of the
Judaean and Negev Deserts.

Discussion

Geographical distribution of lineages

Genomic lineages A, B, D, and E each occurred in sam-
ples from three or four continents. They have cos-
mopolitan distributions, and must have dispersed all
around the planet from their sites of origin. However,
members of these lineages may not be detected every-
where, evenif present. Given vagariesin the sampling of
soil bacterial populations — the populations are so vast —
only the most abundant types are likely to be detected.
An exception seems to be lineage C; despite additional
sampling at Tumamoc Hill, Arizona, we found no other
members of this lineage, and none were closely allied
with it in the Roberts & Cohan (1995) gene phylogeny.
Lineage C' ispossibly a distant branch of C, but the evi-
denceis not strong, and it might also involve past re-
combination between C and A. Pending further sam-



pling, it remains uncertain whether C, C', and F have
global distributions. Lineages close in time and space to
their origin or extinction will not have global ranges.

Are the major B. subtilis lineages genetically
cohesive species?

Asitistraditionally recognized, B. subtilis turns out to
be a set of deeply separated genomic lineages, each with
genetic cohesion via shared elementsin their genomic
architectures. Each lineage could be considered a
species and given a binomial designation, as has been
donein part (Roberts et al. 1994, 1996). In contrast, the
traditional physiological characteristics used to define B.
subtilis as a single species provide phenotypic cohesion
that may or may not mask ecological differences be-
tween the lineages in nature.

Our study isclearly preliminary. We do not know how
many lineages there are in the world, although the re-
markable concordance between our analysis and that of
Roberts & Cohan (1995) suggests that the number may
not be large. We do not know how rapidly major lineages
originate, spread geographically, diversify within them-
selves, and disappear. Certainly, B. subtilisin the tradi-
tional sense is a set of highly divergent genomic lin-
eages. However, there remains uncertainty about where
the boundaries of genetically cohesive specieslie; e.g.,
the previously undetected major lineages A and E within
B. mojavensis. Even within the mgjor lineages there are
strongly differentiated sublineages that could be viewed
as species. The same problem was addressed by Rossel-
lo et al. (1991) based on their study of “genomovar”
(= mgjor lineage) diversity of Pseudomonas stutzeri. On
the basis of DNA hybridization data, they were com-
pelled to still agree with the view of Palleroni et al.
(1970) that no useful division of P. stutzeri into species
isyet possible. The more recent analysis of Sikorski et
a. (1999) — using RAPDs, other PCR-based fingerprint-
ing methods, and allozyme variation — leads to the same
conclusion. It is striking in the latter authors' dendro-
gram from RAPD data that the major lineages of
P. stutzeri separate at similarities of 0.08-0.09, values
similar to those for the most divergent of B. subtilis
major lineagesin Fig. 4.

We recognize that some subdivisions can be so dis-
tinct genetically that naming them would be appropriate
and useful, as with the group | and group |1 subdivisions
we found previously in B. licheniformis (Weigmann)
Chester (Duncan et al. 1994, Istock et a. 1996).

The patternsin Fig. 4 also dert usto the fact that com-
plete genome sequencing of one strain, or even a few
isolates, may not adequately explore the broad genomic
variation of B. subtilis as traditionally defined. The sin-
gle complete DNA sequence available for B. subtilis
used strain 168 (Kunst et al. 1997). Based on allozyme
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variation strain 168 is a member of the B genomic lin-
eage, but it is a fairly extreme outlier showing only
about 60% similarity with 27 wild isolates from Arizona
that also belong to the B lineage; only one wild isolate
was similarly divergent (Duncan et al. 1994, Istock et al.
1996). In addition, strain 168 is derived from the “Mar-
burg” strain that was irradiated to produce metabolic
mutants in the 1940s (Burkholder & Giles 1947, Kunst
et a. 1997). Hence, it may be an anomal ous representa-
tive of B. subtilis. Future sequencing should involve
wild isolates from the major genomic lineages. Similar-
ly, the major lineages may or may not conform to the ex-
tensive genetic map for strain 168 (Anagnostopoul os et
al. 1993), and it islikely from the RAPD variation with-
in B. subtilisthat physical maps obtained with restriction
enzymes (Itaya 1993) will vary among genomic lin-
eages. Gene presence and ordering may vary aswell (for
example see Jkstad et al. 1999).

Local genomic differentiation versus global
interspersion of lineages

We observe multiple isolates from the same place in the
same sublineage, and in geographically exclusive local
clusterswithin sublineages. Thisisfound in every one of
the major lineages to some degree. It is also apparent in
the Roberts & Cohan (1995) phylogenetic tree wherein
isolates from Arizona, Mojave, Death Valley, Gobi, and
Tunisia, respectively, form separate subclades in several
parts of the tree. Geographical differentiation cannot be
entirely the result of the fact that alocal sublineage hasa
more recent ancestor than its entire major lineage, be-
cause each of these sublineages shares common ances-
tors with neighboring ones. Local differentiation is con-
sistent with neutral mutation and genetic drift, or local-
ized genetic exchange of mutational changes, or ex-
change of variation shaped by natural selection favoring
ecological specializations.

Along with some local differentiation there are equal-
ly impressive examples of sublineages that combine iso-
lates from different parts of the world (Fig. 4). The mod-
est amount of clonality observed suggests that mutation-
al divergence, and possibly genetic exchange, is com-
mon within major lineages and sublineages of B. sub-
tilis. However, caution is warranted here because
RAPDs tend to seriously underestimate genomic simi-
larity. Because of this, we are reluctant to attempt amore
detailed analysis of the patterns among sublineages,
using amethod such asAMOVA (Schneider et al. 2000).

Potential modes of evolution of major lineages

Milkman's clonal frame hypothesis asserts that unusual-
ly fit bacterial genotypes appear at some place on earth,
proliferate rapidly, disperse widely, and subsequently
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undergo mutational and recombinational alterations that
progressively efface the original genomic frame (Milk-
man & Stoltzfus 1988, Milkman & Bridges 1990). Itisa
process of biological diversification that begins in abso-
lute sympatry; the descendant lineage springs from and
isinitially embedded in its ancestral population until it
disperses. The clonal frame hypothesis offers one mode
of evolution to explain why Figs. 1 and 4 appear as they
do. A different mode posits the steady appearance of
new DNA seguence patterns that through drift, positive
selection, purifying selection, or al three, along with re-
combination, fashion new shared sequences within ge-
nomic lineages. These opposing modes, perhaps simul-
taneous and continuous during bacterial evolution,
would inexorably create and test new haploid genomes
against a global environmental kaleidoscope. Evolution
in these organisms may involve aflow of genomic lin-
eages through time and across the earth; each lineage
perhaps arising in absolute sympatry within an ancestral
population, dispersing, diversifying, possibly giving rise
to new lineages, and ultimately disappearing. At this
point these ideas merely provide some models for bacte-
rial diversification. Along with other models, such as
long-term stability of major and perhaps ancient lin-
eages, they await rigorous testing.

Crucial issues for the future are the extent to which
the major lineages still exchange genetic information,
the number of such lineages derived from common an-
cestry that exist, and how enduring and stable they are
over short or long stretches of evolutionary time.
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