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Phylogenetic mapping of bacterial morphology
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context for examining the historical significance of various developments in

USA bacterial evolution. Herein, the classical morphological descriptions of selected
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members of the domain Bacteria are mapped upon the genealogical ancestry

Biochemical and deduced from comparison of small-subunit rRNA sequences. For the species
Biophysical Sciences, examined in this study, a distinct pattern emerges which indicates that the
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coccus shape has arisen and accumulated independently multiple times in

USA separate lineages and typically survived as a persistent end-state morphology.
At least two other morphologies persist but have evolved only once. This study
demonstrates that although bacterial morphology is not useful in defining
bacterial phylogeny, it is remarkably consistent with that phylogeny once it is
known. An examination of the experimental evidence available for
morphogenesis as well as microbial fossil evidence corroborates these
findings. It is proposed that the accumulation of persistent morphologies is a
result of the biophysical properties of peptidoglycan and their genetic control,
and that an evolved body-plan strategy based on peptidoglycan may have
been a fate-sealing step in the evolution of Bacteria. More generally, this study
illustrates that significant evolutionary insights can be obtained by examining
biological and biochemical data in the context of a reliable phylogenetic

structure.
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INTRODUCTION

Classical morphological descriptions of prokaryotes are
simple. Prokaryotes are usually unicellular, small, and
typically do not exhibit enough morphological variation
to readily define genera or higher phylogenetic groupings
as is possible with eukaryotes. Generally, they can be
defined as rods, variations of rods, or cocci. More
specifically, they can display a range of morphologies
within these forms. These include filaments (elongated
bacterial cells in which the length exceeds the width,
as a sheathed or unsheathed chain of cells), hyphae
(branched or unbranched filaments), or in some
cases a range of morphologies that involve cellular
differentiation/life cycles (e.g. cyanobacteria, actino-
mycetes). However, members of the domain Bacteria
can be identified by their exclusive use of peptidoglycan
as the principal constituent for their cell walls. This
constituent exhibits two major structural modifications.

tPresent address: Department of Statistics, Rice University, Houston,
TX, USA.

It is usually claimed to be a monomolecular layer in
Gram-negative bacteria (but it may not be; see Labis-
chinski & Maidhof, 1994). Alternatively, in the Gram-
positive bacteria, the peptidoglycan forms extensively
cross-linked multi-molecular layers. The type of pepti-
doglycan is thus a reliable but only very broad bio-
chemical /morphological characterization of species in
the domain Bacteria. This Gram-positive/Gram-nega-
tive dichotomy has been confirmed by a molecular
phylogeny based on 16S rRNA sequence information
(Fox et al., 1980; Woese et al., 1990, 1985). The
molecular phylogeny goes much further, however, by
producing reliable relationships throughout the domain
Bacteria.

The inherent value of the molecular phylogeny is that it
purports to be a natural classification system reflecting
actual historical relationships. The early 16S rRNA
work indicated that some species that had been grouped
by morphological criteria were in fact not specifically
related. Notable examples included the actinomycetes
(Stackebrandt & Woese, 1981) and the helical bacteria
(Woese et al., 1982). Although the Gram reactions,
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endospores, and to an extent spore shape, proved to be
meaningful markers, even here there were exceptions.
Thus, certain asporogenous, coccoid species are more
closely related to members of the genus Bacillus than to
their own classically defined bacilli (Stackebrandt, 1988).
It is now generally believed that bacterial morphology is
largely insignificant in the context of evolutionary
history. Is this correct ? Herein, we re-examine the issue
of whether or not bacterial shape reflects phylogenetic
history by mapping classical morphological descriptions
from literature surveys upon the genealogical ancestry
represented by molecular sequence analysis of small-
subunit rRNA. We are not attempting to resurrect
morphology as a phylogenetic tool. Rather, we are
seeking to understand, from a phylogenetic standpoint,
the evolution of shape in the evolution of Bacteria.

METHODS

A representative phylogenetic tree based on comparative
analysis of small-subunit rRNA of 180 bacterial species was
obtained from the Ribosomal Database Project (Maidak et al.,
1997). These 180 organisms include all of the major groups of
known bacteria for which the small-subunit rRNA has been
sequenced (Olsen et al., 1994). A survey of the literature on
bacterial cell shape was conducted for each of the 180
organisms. The morphology of each organism was recorded
as being rod, coccus, filamentous, spirochaete, helical, or
lacking cell walls (mycoplasma). Rod shape was defined as
any single cell that is longer than it is wide. Unusual
morphology due to nutrient deprivation or environmental
conditions was disregarded. Filamentous morphology was
recorded only if that morphology was a consistent phenotype
not related to growth conditions. The results are depicted in
Fig. 1.

Several branches of the representative tree were heterogeneous
with respect to distribution of cell shape. Therefore, a detailed
investigation of the same type as above was undertaken for
one of these heterogeneous branches, the low-G+ C Gram-
positive group. This grouping included 260 species from the
families Lactobacillaceae, Streptococcaceae and Bacillaceae;
the results are seen in Fig. 2.

In a study of this type, it is necessary to address the
complication presented by lineages that exhibit high degrees
of morphological diversity through life cycles and /or primitive
multicellularity. Two of the most notable of these are the high-
G+ C Gram-positive lineage and the cyanobacterial lineage.
However, our understanding of the genetic control of bacterial
lifestyles as described in the high-G + C Gram-positives, and
available in-depth phylogenetic analyses, are limiting. The
phylogenetic data available for the cyanobacteria were in-
vestigated with the caveat that they are among the only
prokaryotes with a substantiated microfossil record (Schopf,
1994). Their range of morphology includes both true and false
branching, with the individual cell shape often being in-
fluenced by the arrangement of cells in aggregates. These
organisms have apparently undergone an exceptionally low
rate of morphological change over hundreds or thousands of
millions of years (hypobradytely) such that in many instances,
tentative identification of forms seen in the fossil record has
been made to the genus/species level (Schopf, 1994). The
cyanobacteria were investigated in the same manner as above,
with the exception that the phylogenetic tree was obtained
from Giovannoni et al. (1988) and includes 31 species.

RESULTS

Fig. 1 is the phylogenetic tree from the initial survey
including 180 species of bacteria. This tree estimates the
number of changes between sequences and displays
which bacteria are most closely related to each other.
The Archaeal branch roots the tree and the deepest
branches represent the extant relatives of the oldest,
most ancient bacteria (Olsen et al., 1994; Woese, 1987
Achenbach-Richter et al., 1988). The branches are coded
to indicate the results of the mapping. As shown, the
deepest branches of the tree contain exclusively rod-
shaped, often filamentous organisms. Filamentous
lineages are also found in at least six of the major
branches. Due to the ability of some micro-organisms to
exhibit filamentation under certain environmental con-
ditions, strict assignments for this phenotype were
difficult. However, some lineages (e.g. cyanobacteria
and Planctomyces) appear to contain clusters that are
persistent for those morphologies. Helical (spirillum)
species were found in four lineages of Gram-negative
bacteria (delta and epsilon, alpha, gamma, and beta).
The spirochaetes and the mycoplasmas have unique
morphologies and are represented by monophyletic lines
of descent in the Bacterial 16S rRNA tree. The remaining
lineages are classified as homogeneous for rod-shape
(Fibrobacter and Cytophaga/Flexibacter/Bacteroides),
homogeneous for cocci and/or filamentous bacteria
(Deinococcus), or heterogeneous, e.g. exhibiting rod
and coccus morphology within the same lineage.

An unexpected finding was the striking pattern of rod
versus coccus morphology with respect to the homo-
geneity /heterogeneity within clusters. Throughout the
tree, clusters with predominantly rod morphology were
frequently heterogeneous, with species exhibiting both
rod and coccus morphology present. However, once a
particular lineage exhibited coccus morphology, the
cluster or clusters resulting from that lineage invariably
became homogeneous for the coccus morphology. This
suggests that once formed, the coccus morphology may
be persistent throughout subsequent bacterial evolution.
This frequent degeneration to the coccus morphology
has been noted previously (Stackebrandt & Woese,
1981), but the full scope of its significance was not clear
at that time.

Fig. 2 shows the result of a more detailed examination of
a portion of the low-G + C Gram-positive lineage that
exhibited extensive heterogeneity from Fig. 1. These
organisms were represented by a tree containing 260
species from the families Lactobacillaceae, Streptoco-
ccaceae and Bacillaceae. In this lineage the repeated and
persistent evolution of the coccus phenotype was quite
robust. Throughout the lineage, repeated discoveries of
coccus-shaped organisms are never seen to revert in later
lineages to rod-shaped morphology. This suggests that
while the coccus morphology has evolved many times in
prokaryotic history, it represents a persistent end-state
for bacterial cell shape. The alternative hypothesis, that
the ancestor was a coccus, is far less parsimonious.

Using the small-subunit rRNA tree of Giovannoni et al.
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Fig. 1. Phylogenetic mapping of bacterial
morphologies on the Ribosomal Database
Project (RDP) tree of the domain Bacteria
based on 16S rRNA gene sequences.
Individual branches are coded as indicated
on the figure. Those lineages that are
underlined include filamentous forms. For
simplicity the branches within each major
group were collapsed and the breadth of
divergence displayed by boundaries of the
most distant members of each lineage. The
number of species investigated for that
branch is  shown in parentheses.
Morphological description and/or
information for references to original
papers was taken from two major sources
(Sneath, 1984; Balows et al., 1992).The RDP
Database was accessed through the World-
Wide Web (http ://www.cme.msu.edu).

Order Bacillales

- Streptococcus spp. (40)
and Lactococcus spp. (11)

faecalis 3
Melissococcus spp. (2)
— == Enterococcus spp. (2)

T Streptocosots cecardm Family Streptococcaceae

Weissella spp. (8)
euconostoc spp. (6)

T obacillus spp. (13)

Pediococcus spp. (2)
Lactobacillus spp (12)
Lactobacillus spp (15)

..... === Alloiococcus otitis

= "= "" Dolosigranulum pigrum

— Carnobacterium spp. (6) Family Lactobacillaceae
== === == Carnococcus allantoicus str. NDP

~ "TGlobicatella sanguis
Aerococcus spp. (2)

Brochothrix spp. (2)
Listeria spp. (11)

Bacillus thermocloacae
Caryophanon spp. (4)
Planococcus spp. (2)

Bacillus spp. (7)

Gemella spp. (2)

Staphylococcus spp. (31)

—Fc - .
L Brevibacterium acetylicum
Bacillus spp. é13)
acillus spp. (11)
Saccharococcus thermophilus
Bacillus spp. (4,
Bacillus spp. (2

~— Sporosarcina spp. (2)
Bacillus alcalophilt
Sporolactobacillus spp. (14)

e = e e e = e == [Marinococcus halophilus
Bacillus spp. (6)

Bacillus spp. (12)
Alicyclobacillus spp. (3)

Family Bacillaceae

thermophile from copper mine dump,
New Mexico str. ALV

Fig. 2. Comprehensive RDP tree based on
the 16S rRNA gene sequences of members of
the Order Bacillales mapped with classical
morphologies. The Order Bacillales is one
branch of the low-G+C lineage from Fig. 1.
Lineages are coded: dashed/dotted line with
grey shading designates coccus morphology;
solid black indicates rod morphology.
Species designations were replaced with the
name of the genera of the cluster and the
numbers of species evaluated for each
cluster are in parentheses. Morphological
description source information was obtained
as in Fig. 1.

(1988), 31 species of cyanobacteria were evaluated as
previously described. No discernible morphological
pattern for the species of cyanobacteria was observed,

except for the clustering of filamentous heterocystous
cyanobacterial species (Giovannoni et al., 1988). Hete-
rocysts appear only recently in the fossil record and
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must have diverged sometime after the split of the
cyanobacteria from the Gram-positive and Gram-nega-
tive lineages (Feng et al., 1997). This is fully consistent
with their restriction to a single recent cluster in the
cyanobacterial tree. However, it is interesting to note
that a number of the cyanobacteria appear to have
acquired persistent end-state morphologies as early as
3.5 billion years ago (Giovannoni et al., 1988). This
persistence of coccoid and filamentous forms in the
cyanobacterial lineage has facilitated interpretation of
their fossil record. In light of the present study, it is an
impressive illustration of the difficulty of recovering the
rod morphology once it is lost.

DISCUSSION

The correlation between cell shape and the phylogeny
represented by the trees clearly demonstrates that there
is evolutionary significance to bacterial morphology.
Interestingly, this was initially obscured by the fact that
some morphologies appear to evolve repeatedly (cocci,
filamentous forms, and helical shape) after which they
persist, while others represent singular but equally
persistent events (spirochaetes and mycoplasmas). Once
one understands that certain morphologies, e.g. the
coccus, have been repeatedly and independently dis-
covered, the congruence between cell shape and the
molecular data becomes striking. The phylogenetic
mapping methodology employed here allowed tracking
of evolutionary trends that were previously impossible
to detect. It is reasonable to suppose that a similar
analysis can be applied to a large variety of biochemical
characters, e.g. distributions of genes, gene orders,
alternative pathways.

A complicating factor encountered in this study involves
morphological descriptions of species that exhibit mul-
tiple phenotypes, such as Listeria, where older cultures
can exhibit a coccus phenotype rather than the ‘wild-
type’ rod-shape. Instances of this occurring appear to be
directly related to environmental conditions that alter
the balance of the enzyme system in such a way that
changes in the timing for cell division versus elongation
compensate for the unfavourable conditions. These are
regulatory events that are most likely moderated by
substrate availability, and do not represent changes in
genotype that would result in inheritable phenotypes of
a particular bacterium. A further example involves
filamentous morphologies that depend on the avail-
ability of ppGpp for expression of the ftsZ gene
(Lutkenahus & Mukherjee, 1996), which temporarily
modulates cellular division. There are examples of a
more stable expression of filamentous forms (inde-
pendent of environmental stress) as seen in cyano-
bacterial species and the early branching organisms
Aquifex and Thermotogales (Fig. 1) which are indi-
cations of a persistent phenotype.

The existence of life cycles in bacteria, especially the
high-G+ C Gram-positives (Balows et al., 1992), re-
presents an important development in the evolution of
Bacteria. These genera have evolved cellular diffe-

rentiation and segregation that allow differential de-
velopmental morphology and multicellularity. Clues to
the ability of bacteria to evolve into multicellular entities
with life cycles may assist our understanding of the
eukaryotic domain’s successful exploitation of cellular
complexity. In this context, we consider the high-G + C
Gram-positive organisms as being subject to the same
physical properties that dictate cellular morphology as
in the classic bacteria, but with highly sophisticated
genetic systems that allow for intricate morphological
variation beyond what is normally seen. It should be
noted that within the high G + C Gram-positive lineage,
the majority of species exhibit intricate life cycles or
diverse morphologies as in Rothia dentocariosa (Geren-
cser & Bowden, 1986). Hence, it can be argued that the
last common ancestor to this lineage had already evolved
the complex genetic system required to support a
developmental cycle, and that this represents a novel
evolutionary strategy in place quite early in the domain
Bacteria. In essence, the life-cycle strategy is itself
another example of a uniquely evolved end-state mor-

phology

Instances of genera that are recalcitrant to taxonomic
placement are rare, but do exist. An example is the genus
Pasteuria (Ebert et al., 1996). An attempt to reconcile
Pasteuria morphology, development and biochemistry
from a phylogenetic perspective (Ebert et al., 1996;
Stackebrandt et al., 1984) led to the hypothesis that thlS
genus is related to 'the genus Alicyclobacillus. The low
bootstrap values (28 %) and lack of obvious biochemical
similarity make this affinity a tenuous conjecture.
Genera of this type have not been included in the present
study, which requires a reliable phylogeny.

Bacterial shape is a result of the biochemical and
biophysical properties of peptidoglycan within the cell
walls (Schleifer & Kandler, 1972). An understanding of
the role and regulation of peptidoglycan synthesis is
necessary for interpretation of the results of this study as
well as an interpretation of what if any of the mor-
phological phenotypes are phylogenetically important.
Early taxonomic work based on peptidoglycan variation
within the Bacteria correlates well with the phylogeny
provided by rRNA sequence analysis. Gram-negative
bacteria and cyanobacteria use, almost exclusively, a
direct cross-link with the diamino acid at position 3 of
the peptide subunit. In contrast, Gram-positive bacteria
utilize this type of linkage as well as a wide variety of
others that involve inter-peptide bridges and novel
amino acids such as lysine and ornithine.

Peptidoglycan and cell wall synthesis involves a complex
and intricate coordination of at least two morphogenic
systems (Park, 1996; Begg et al., 1986). A great deal is
understood concerning the major enzymes of these
systems (Begg et al., 1990; Spratt et al., 1980; Tamaki et
al., 1980; Lutkenhaus & Mukherjee, 1996; Costa &
Anton, 1993), but little is understood concerning the
actual control of cell elongation and cell division, which
will ultimately determine cell shape. Experimental
evidence with Escherichia coli and Salmonella indicates
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that small fluctuations in expression can lead to a variety
of phenotypes, e.g. unrecoverable coccus morphology,
antibiotic resistance, filamentation, and/or improper
cell division/non-viable mutants (Begg et al., 1986;
Costa & Anton, 1993; Pollack & Neuhaus, 1994). The
survival or nonsurvival of genetic mutants depends on
the competing system that is altered and the type of
mutation. The enzyme system controlling peptidoglycan
synthesis, morphogenesis and cell division should be
viewed as a system that can be altered at two levels: one
which can compensate for environmental stresses and is
temporal in nature, affecting only the phenotype;
and one which represents actual genetic mutations,
changing the genotype, and which may favour persistent
phenotypes — most notably from this study, the coccus
morphology.

Therefore, current biochemical evidence points to the
coccus morphology as a degenerative form of the rod. In
addition, filamentous forms of morphology that are not
environmentally dependent are persistent phenotypes in
certain lineages. Both of these morphologies are wide-
spread throughout the domain Bacteria. However, the
spirillum morphology represents an exclusively Gram-
negative invention. This is most likely due to the single
layer of peptidoglycan in the cell walls of spirilla, which
would confer less rigidity. The spirillum may represent
common end-state morphology as well, but the data are
too limited to adequately test this.

We propose that the properties of peptidoglycan syn-
thesis, and the intimate association of cell elongation
and cell division, lead to these persistent or end-state
morphologies in the Bacteria. Their persistence results
from the inheritable changes in the genes that control
peptidoglycan synthesis and morphogenesis and in some
cases may provide an adaptive advantage, such as the
functional multicellularity seen in the heterocystous
cyanobacteria (Giovannoni et al., 1988), the develop-
mental cycles of the high-G + C Gram-positives (Balows
et al., 1992) or the antibiotic resistance exhibited in
Salmonella, which compensates for losses in certain cell-
shape-determining genes (Costa & Anton, 1993). In the
end, however, it would appear the early choice of the
peptidoglycan sacculus greatly restricted the ability of
the Bacteria to evolve complex structures.

It also seems likely that the last common ancestor of the
domain Bacteria was rod-shaped. This is based on the
presence of exclusively rod-shaped organisms in the
deepest lineages of the phylogenetic tree and the role of
peptidoglycan as the solely evolved body plan strategy
for the Bacteria. The evolutionary separation and
divergence of eukaryotes and prokaryotes is evidenced
by two separate strategies of cell evolution. The pro-
karyotes develop a cell wall to combat osmotic pressure,
whereas the eukaryotes use cytoskeleton/mechano-
protein. Within the two prokaryotic lineages, the
Bacteria and the Archaea, different cell wall constituents
have evolved (Schleifer & Kandler, 1972). No archaeon
has a true peptidoglycan sacculus and in fact several
different cell wall polymers are found; hence the
presence of peptidoglycan distinguishes the Bacteria

from the Archaea (Kandler & Hippe, 1977). This
suggests that exploration of a possible choice of a
sacculus was ongoing before the Archaea/Bacteria
divergence. By the time of the last common ancestor to
the Bacteria, peptidoglycan was well established as the
major constituent of the cell wall. Much as the es-
tablishment of animal body plans by the close of the
Cambrian explosion would subsequently involve only
basic modification of current architecture (Valentine et
al., 1996), evolution in the domain Bacteria was, from
this point forward, limited by the biochemical and
biophysical constraints of peptidoglycan. Interestingly,
evolution managed to circumvent the constraints im-
posed by peptidoglycan to evolve two novel morpho-
logies. The mycoplasmas (intracellular parasites with-
out cell walls) and the spirochaetes (cells that contain
periplasmic flagella that wind around a helical pro-
toplasmic cylinder) are distinct morphologies which the
16S rRNA tree suggests were invented once in the
history of the Bacteria. These are probably also per-
sistent end-state morphologies.
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