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The evolution of gene collectives: How natural selection
drives chemical innovation

Michael A. Fischbach, Christopher T. Walsh, and Jon Clardy*
Department of Biological Chemistry and Molecular Pharmacology, Harvard Medical School, Boston, MA 02115

Edited by Jerrold Meinwald, Cornell University, Ithaca, NY, and approved November 2, 2007 (received for review October 3, 2007)

DNA sequencing has become central to the study of evolution. Comparing the sequences of individual genes from a variety of organisms
has revolutionized our understanding of how single genes evolve, but the challenge of analyzing polygenic phenotypes has complicated
efforts to study how genes evolve when they are part of a group that functions collectively. We suggest that biosynthetic gene clusters
from microbes are ideal candidates for the evolutionary study of gene collectives; these selfish genetic elements evolve rapidly, they usu-
ally comprise a complete pathway, and they have a phenotype—a small molecule—that is easy to identify and assay. Because these ele-
ments are transferred horizontally as well as vertically, they also provide an opportunity to study the effects of horizontal transmission on

gene evolution. We discuss known examples to begin addressing two fundamental questions about the evolution of biosynthetic gene
clusters: How do they propagate by horizontal transfer? How do they change to create new molecules?
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arwin, in On the Origin of Spe-
cies, said, “To suppose that the
eye ... could have been formed
by natural selection, seems, I
freely confess, absurd in the highest possi-
ble degree. Yet reason tells me, that if
numerous gradations from a perfect and
complex eye to one very imperfect and
simple, each grade being useful to its pos-
sessor, can be shown to exist . .. then the
difficulty of believing that a perfect and
complex eye could be formed by natural
selection . .. can hardly be considered
real” (1). Complex small molecules like
yersiniabactin (Fig. 1a) astonish chemists
for the same reason that organs such as
the eye intrigued Darwin (1): their incred-
ible complexity makes us wonder how
they came to be. Because the genes that
are necessary and sufficient for producing
yersiniabactin (2) (and many other small
molecules) have been identified, we now
have the tools to ascertain how the gene
collectives that produce these complex
phenotypes came to exist. Before discuss-
ing the evolution of small-molecule-
producing gene collectives, we will briefly
review what is known about their func-
tional roles and genetic organization.

Bacteria and fungi produce a multitude
of small molecules that are not used for
primary (“housekeeping”) metabolism (3).
These “secondary metabolites” play im-
portant and diverse roles in the ecology
and physiology of microorganisms, partic-
ularly in mediating interactions both
among microbial species (4, 5) and be-
tween microbes and multicellular organ-
isms (6-10).

Given the basic metabolic capabilities
of cellular life, many of these secondary
metabolites are astoundingly complex in
form (11). The biosynthetic pathways of
secondary metabolites are similarly com-
plex, sometimes composed of >40 genes
(12) and 100 kb of DNA sequence (13).
The set of proteins that comprise a com-
plete biosynthetic pathway can be twice
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Propagation of gene clusters. (a) Horizontal transfer of the yersiniabactin gene cluster. The

yersiniabactin gene clusters from Y. pestis KIM and P. syringae phaseolicola 1448A are shown, with related
genes depicted in the same color to highlight intracluster gene rearrangements. (b) Horizontal transfer
of the andrimid gene cluster. The andrimid gene clusters from Pantoea agglomerans CU2194 and
Vibrionales bacterium SWAT-3 are shown; the only syntenic difference is the insertion of a single gene at

the 3’ end of the latter cluster.

the size of the ribosome (13), even though
the ribosome translates thousands of dif-
ferent proteins, whereas the biosynthetic
pathway produces a small molecule. The
metabolic cost of maintaining such a mas-
sive biosynthetic system is high, and the
selective pressure fueling its maintenance
must be correspondingly strong.

The genes that encode the biosynthetic
pathway for a small molecule are almost
always clustered in the genome of their
microbial producer (14, 15), which un-
doubtedly reflects their evolutionary his-
tory through horizontal transmission (16).
Because identifying one gene means the
others are close by, cloning gene clusters
for complete biosynthetic pathways is now
straightforward and commonplace (17,
18). The considerable progress made over
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the last two decades in understanding the
genetics and biochemistry of small-
molecule synthesis is due in large part to
the phenomenon of clustered genes.

Why Should We Study the Evolution of
Biosynthetic Gene Clusters?

There are two reasons why biosyn-
thetic gene clusters are an ideal class
of genetic elements to study through
an evolutionary lens. First, even from
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Fig.2. How individual genesin a cluster change. (a) A loss-of-function mutation leads to building-block
diversity in FK520. Two modules from the FK520 PKS component FkbB are shown; the first module (red)
has an active DH domain, whereas the second module (blue) has a mutationally inactivated DH domain
(denoted by a lowercase ““dh"). As a result, the first module modifies its three-carbon building block (red)
so that it has a double bond, whereas the second module performs one fewer modification step to its
building block (blue), leaving a hydroxyl group instead of a double bond. (b) Mutation and rearrangement
of adenylation (A) domains creates diversity among the iturin family NRPs. The portions of the bacillo-
mycin (Bam), iturin (Itu), and mycosubtilin (Myc) synthetases that insert the last 4 aa are shown at the top.
A domains that are homologous to each other are depicted in the same color, and the building block they
insert is listed above the domain. The chemical structures of bacillomycin D, iturin A, and mycosubtilin are
shown at the bottom, and the residues are colored to correspond with the A domains. Mutation and
divergent evolution of an ancestral A domain likely gave rise to the Glu/GIn- and Ser/Thr-inserting A
domain families, whereas intragenic A domain rearrangement probably led to the differences among the
three synthetases. (c) Module duplications within the mycolactone gene cluster. Modules that share >98%
amino acid sequence identity are shown in the same color, and the chemical structure of mycolactone is
shown with the building blocks resulting from the action of each module colored correspondingly. (d)
Intergenic rearrangements lead to the chimerism between rapamycin and FK520. The chemical structures
of rapamycin and FK520 are shown, with the identical “left halves” colored red and the distinct “right
halves” colored black. Portions of the rapamycin and FK520 gene clusters are shown below, with
homologous sections shown in the same color and divergent sections colored gray.

the limited set of gene cluster se-
quences in the database, it is apparent
that biosynthetic gene clusters are
among life’s most diverse and rapidly
evolving genetic elements. The speed
with which they evolve is due in part to

the relatively short replication times of
their microbial hosts (19) and in part
to their propensity for horizontal trans-
fer among microbes (20-22). As such,
they provide an opportunity to study
genetic elements that evolve over
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shorter time scales than genes from
higher organisms.

Second, the phenotypes of biosynthetic
gene clusters are concrete and measur-
able. The small molecule(s) a gene cluster
produces can be isolated, structurally
characterized, and assayed for biological
activity. Their biosynthetic pathways are
understood in sufficient detail that the
role of each gene in forming the small
molecule can generally be pinpointed.
Like the quantitative trait loci (23) that
have advanced the study of evolution in
plants and higher organisms, gene clusters
provide a clear connection between geno-
type and phenotype.

Furthermore, because gene clusters are
responsible for producing myriad human
medicines (24) including antibiotics (25),
antifungal agents (26), antitumor agents
(27), immunosuppressants (28), and cho-
lesterol-lowering agents (29), they repre-
sent a rich and promising source of new
drugs. As our ability to genetically engi-
neer microorganisms improves, the
prospect of producing new molecules by
modifying existing pathways (30)—or
even building new pathways from
scratch—may become a reality. To per-
form this task efficiently, we will have to
know the rules that govern gene cluster
evolution in the real world. By further
developing our knowledge of the rules
Nature uses to diversify its small mole-
cules, we can facilitate the efforts of
chemists to synthesize libraries of small
molecules that are “natural product-like
and therefore, more likely to have useful
biological activities (31). In what follows,
we look forward by considering two fun-
damental questions: How do gene clusters
propagate by horizontal transfer? How do
they change to create new molecules? The
examples below are not exhaustive, but
rather a sampling of common themes in
the evolution of gene collectives.

”

How Do Gene Clusters Propagate?

Biosynthetic gene clusters spread later-
ally because the small molecules they pro-
duce confer a selective advantage on their
host. Like genes that confer antibiotic re-
sistance (32), biosynthetic gene clusters
are transmitted by selfish genetic elements
like pathogenicity islands (33) and plas-
mids (34). Some restrictions on horizontal
gene cluster transfer are imposed by the
limited host ranges of genetic elements
like conjugal plasmids (35), and other re-
strictions arise from differences in the
metabolic infrastructure of the donor and
recipient such as the availability of the
three-carbon building block propionate
(36) for biosynthesis of polyketides like
erythromycin.

Nevertheless, certain gene clusters are
widely distributed among phylogenetically

Fischbach et al.
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Fig. 3. Changes to the number and identity of genes comprising a cluster. (a) Differences in the
complement of peripheral genes encoding “tailoring” enzymes are a source of diversity in the glycopep-
tide antibiotics. The chemical structures of A47934 and teicoplanin are shown, with chemical groups
unique to each molecule colored magenta, blue, green, or red. The A47934 and teicoplanin gene clusters
are shown below, with the genes unique to each cluster colored yellow. (b) Differential tailoring of a
common core in the aminoglycoside antibiotics. The chemical structures of neomycin B and butirosin B are
shown with the 2-deoxystreptamine colored black, two peripheral components shared between these
molecules colored red and blue, and peripheral components unique to each molecule colored brown and
magenta. The neomycin and butirosin gene clusters are shown below, with genes shared between the two
clusters colored green. (c) Subcluster joining gives rise to a new gene cluster. The chemical structures of
clorobiocin, simocyclinone, and landomycin are shown with the aminocoumarin groups colored red and
the anthracycline groups colored blue. The gene clusters for each molecule are shown at the right, with
the aminocoumarin-producing subclusters colored red and the anthracycline-producing subclusters col-
ored blue. Genes encoding putative conjugating enzymes are colored green.

distant species. The scarcity of iron often terium Yersinia pestis (2) from which it
limits microbial growth, and the gene clus-  gets its name, but also in a menagerie of
ter responsible for producing the iron- other bacteria (37) including the nema-
scavenging agent yersiniabactin (Fig. 1a) tode symbiont Photorhabdus luminescens
has been found not just in the plague bac-  (38), the plant pathogen Pseudomonas

syringae (39), pathogenic strains of Esche-
richia coli (40), and even the Gram-
positive marine bacterium Salinispora
tropica (41). In Y. pestis and E. coli, the
yersiniabactin gene cluster resides on a
~40-kb “high-pathogenicity island” (42)
encoding a set of virulence-associated
genes, and its propagation is facilitated by
the en masse horizontal transfer of this
entire element. The similarity between
modes of transferring antibiotic resistance
genes and small-molecule biosynthetic
genes is exemplified by the 120-kb plasmid
pRSB107 (34). Isolated from a sewage
treatment plant, it harbors nine different
antibiotic resistance genes in addition to
the five-gene cluster responsible for pro-
ducing the iron scavenger aerobactin (43).

Despite the limitations noted above,
biosynthetic gene clusters appear to have
crossed boundaries imposed by geography
and ecology. The potent antibiotic an-
drimid (44) (Fig. 1b) has been isolated
from a diverse assortment of Gram-
negative bacteria, including a free-living
marine strain of Vibrio cholera (45), a
sponge-associated marine strain of
Pseudomonas fluorescens (46), a terrestrial
strain of Enterobacter (47) that is an endo-
symbiont of the brown planthopper, and a
free-living terrestrial strain of Pantoea ag-
glomerans (48). Andrimid’s 20-kb gene
cluster from P. agglomerans is flanked by
a pseudogene that resembles a trans-
posase, betraying its nomadic origin.

The gene clusters responsible for pro-
ducing the B-lactam antibiotics (49) (e.g.,
penicillins and cephalosporins) are
thought to have made an even larger hori-
zontal jump between bacteria and fungi.
Examples of prokaryote-to-eukaryote
gene transfer (or vice versa) are still few
in number (21, 50, 51), but biosynthetic
gene clusters are promising candidates for
future analyses.

How Do Gene Clusters Change?

Although limited in number, the bio-
synthetic gene clusters in the database
reveal modes of diversification that have
multiplied the members of several natural-
product families. These examples cast mu-
tation and natural selection as potent
forces driving chemical innovation by cre-
ating new molecules with different biolog-
ical activities from their ancestors. This
diversification presents formidable chal-
lenges, because a nonfunctional biosyn-
thetic gene cluster would have a limited
evolutionary lifetime (52, 53). Likewise,
all intermediate gene clusters must pro-
duce a molecule that justifies the cost of
their existence before their evolutionary
grace period expires. Here, we divide the
modes of change into two categories:
changes to individual genes and changes

Fischbach et al. PNAS | March 25,2008 | vol. 105 | no.12 | 4603
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Divergent biosynthetic evolution. (a) Genes with origins in primary metabolism. The 3,5-AHBA

biosynthetic enzyme RifG and its homolog in the shikimate biosynthetic pathway, AroB, catalyze similar
reactions. Shikimate is the precursor to the aromatic amino acids, whereas 3,5-AHBA is a precursor to the
polyketides rifamycin and geldanamycin. The 3,5-AHBA-producing subcluster from the rifamycin gene
cluster is shown below, with rifG colored green. (b) Duplication and divergence of gene clusters. Five
lantibiotic gene clusters from the lacticin 481 family are shown; related genes are depicted in the same
color to highlight the common features of the clusters. Adapted from ref. 97.

to the number and identity of genes that
comprise the cluster.

Changes to Individual Genes. The most
straightforward manner in which biosyn-
thetic genes change is through mutation.
Examples of mutations in biosynthetic
genes that lead to changes in product
structure abound among terpene cyclases
(54-56), enzymes that fold linear poly-
mers of the five-carbon building block
isopentenyl pyrophosphate into multiring
hydrocarbon skeletons. High potential for
mutation-induced diversity also arises
when the precursor to a small molecule is
a peptide translated by the ribosome. A
seven-gene cluster found in isolates of the

cyanobacterium Prochloron produces
cyclic peptides like patellamide (57) that
derive from short stretches of a single
gene in the cluster; after translation, the
peptide is modified and cleaved to release
the products. In a family of these gene
clusters (58), mutations in the small-
molecule-encoding gene have produced a
diverse family of cyclic peptides, whereas
the other six genes in the cluster have
remained nearly identical. The direct con-
nection between gene sequence and small-
molecule structure makes this biosynthetic
family quite versatile, so it would not be
surprising to find that patellamide-like
gene clusters are widely distributed and
that their products have diverse biological
activities.
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Mutation-induced diversity is also found
in polyketide synthases (PKSs), a class of
large, modular enzymes (14) that resem-
ble an assembly line insofar as each mod-
ule is responsible for incorporating one
building block into the growing chain.
Each module contains anywhere from
zero to three “processing” domains—
ketoreductase (KR), dehydratase (DH),
and enoylreductase (ER)—that modify
the building block incorporated by the
acyltransferase (AT) domain. The process-
ing domains in each module, and the
order of the modules in the assembly line,
determine the identity and order of the
building blocks that comprise the small-
molecule product. Diversity among PK
structures is therefore derived from differ-
ences in the complement of these process-
ing domains in each module. These
differences commonly arise through point
mutations in catalytic residues that render
a processing domain inactive. For exam-
ple, Fig. 2a shows two modules from the
FK520 PKS (59) that have the same com-
plement of modifying domains (DH +
KR); whereas the DH domain in the red
module is active, a mutation has rendered
the DH domain in the blue module inac-
tive, leading to the differing chemical
structures of the three-carbon units incor-
porated by each module. This example
demonstrates how loss- or gain-of-function
mutations can be just as important for
evolutionary diversification (60) as muta-
tions that alter selectivity or change
function.

Other examples of mutation-induced
diversity come from a class of small mole-
cules known as nonribosomal peptides
(NRPs). As their name suggests, these
peptide-derived molecules are not pro-
duced by the ribosome but are synthesized
by assembly-line enzymes (nonribosomal
peptide synthetases, or NRPSs) that func-
tion similarly to the PKSs (14). Like PKSs,
NRPSs are composed of modules. Unlike
PKSs, however, processing domains in
NRPSs are not the major source of build-
ing-block diversity. The diversity of
NRPSs primarily derives from the build-
ing-block-inserting adenylation (A) do-
main in each module. For example, the
Bacillus NRPSs that produce the related
molecules bacillomycin, iturin, and myco-
subtilin have the same A domain organi-
zation in their first halves, leading to
incorporation of the same building blocks
in the “top halves” of these molecules
(shown in black); but differences in A
domain building-block selectivity in their
second halves lead to the incorporation of
different building blocks in the “bottom
halves” of the molecules (shown in color)
(Fig. 2b). The serine (Ser)- and threonine
(Thr)-incorporating A domains in this
family are closely related, as are the A
domains that incorporate asparagine

Fischbach et al.
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are functionally convergent in that these unrelated molecules all bind iron. Their chemical structures are
with chemical groups that are ligands to the iron, which is colored red. (b) Two different pathways for the
formation of the terpene building-block isopentenyl pyrophosphate (IPP). The mevalonate pathway (red)
converts acetyl-CoA to IPP using seven enzymes, whereas the nonmevalonate pathway (blue) uses six
unrelated enzymes to convert glyceraldehyde-3-phosphate and pyruvate to IPP. (c) Convergent biosyn-
thesis of the gibberellins. The plant (blue) and fungal (red) biosynthetic pathways for giberellic acid 3
involve two different sequences of chemical tailoring steps that yield identical small-molecule products.

(Asn) and aspartate (Asp) (61). This sug-
gests that mutations in a common ances-
tor of these domains led to their divergent
building-block selectivity, and ultimately
to changes in the structure of their prod-
ucts. This theme is echoed in another
family of NRPSs that produce the myxo-
chromides (62). There are even A do-
mains that activate multiple amino acid
substrates (63); these promiscuous A do-
mains may be an evolutionary intermedi-
ate between A domains with more rigid
selectivity.

Core biosynthetic genes can also be
altered through intragenic rearrangement.
The positions of the A domains within the
bacillomycin, iturin, and mycosubtilin
NRPSs (Fig. 2b) appear to have been re-
arranged (61), leading to the difference in
building-block order in the bottom halves
of these molecules. Such rearrangements,
and similar examples in PKSs (64), suggest
that the modularity of NRPS and PKS
genes renders them particularly amenable
to evolution by recombination.

A more drastic mode of intragenic
change is module duplication. The Myco-
bacterium ulcerans PKS responsible for
producing the toxin mycolactone (65)
comprises three proteins, MLSA1,
MLSAZ2, and MLSB. Modules from these
proteins cluster into clades with >98%
sequence identity, which suggests that in-
tragenic module duplication transformed

Fischbach et al.

a more diminutive ancestral gene into this
gargantuan enzyme (Fig. 2¢). Intragenic
module duplication is also found among
NRPSs. P. luminescens (38) harbors an
as-yet-uncharacterized 49-kb gene that
encodes an NRPS (Plu2670) from which
module-encoding portions cluster into five
clades featuring strong amino acid se-
quence identity (>85%) within each
clade. Perhaps it is not coincidental that
MLSAT1 (16,990 aa) and Plu2670 (16,367
aa) are, to our knowledge, the largest
known proteins from any cellular life
form. Pairs of proteins that differ by the
presence or absence of a module have
also been observed, which could have re-
sulted from either an intragenic deletion
or insertion; these changes predictably
create a pair of molecules like the PKs
spinosyn and butenylspinosyn (66) and the
NRPs microcystin and nodularin (67, 68),
which differ according to the presence or
absence of the building block encoded by
the additional module.

The “left halves” of the immunosup-
pressants rapamycin (28) and FK520 (59)
are nearly identical, whereas the “right
halves” are different (Fig. 2d). Unlike the
iturin-family NRPSs, this distinction did
not arise from an intragenic rearrange-
ment. Instead, it appears that an inter-
genic rearrangement caused portions of
their core biosynthetic genes (part of two
genes and all of a third) to reside in two

different contexts. Significantly, this rear-
rangement has led to a clear and well
characterized difference between the ac-
tivities of rapamycin and FK520 (69), both
of which exert their immunosuppressive
effect by inducing the dimerization of two
proteins that do not normally form a
complex. The nearly identical left halves
of these molecules bind the FK506-
binding protein (FKBP12). In contrast,
the right halves have different binding
partners: rapamycin binds mTOR (70),
and FK520 binds calcineurin (71). Na-
ture’s cutting and pasting was quite pre-
cise; those portions of genes required to
produce an FKBP12-binding fragment
were retained, and the rest have diverged
elegantly to bind different partner pro-
teins with high affinity. Phylogenetic anal-
yses have implicated additional forms of
intergenic rearrangement as primary
modes of PKS evolution (64, 72, 73).

The examples in this section demon-
strate that the modularity of PKSs and
NRPSs genes has made them unusually
evolvable. As we will discuss in the next
section, the evolution of gene clusters is
likewise connected to the modularity of
their constituent subclusters. The nexus
between modularity and evolvability is
a theme found in other realms of
evolutionary biology, including the rich
diversity of animals with modular (seg-
mented) body plans in the phyla Annelida
and Arthropoda (74).

Changes to the Gene Roster. The teicopla-
nin family antibiotics (75) (and their rela-
tives in the vancomycin family) are NRPs
that undergo modification both during
and after their synthesis on the assembly-
line enzyme. Three or four cross-linking
events common to all family members
form the cup structure that confers on
these molecules the ability to bind the
D-alanine-D-alanine termini of peptidogly-
can monomers (76), preventing
peptidoglycan cross-linking and thereby
inhibiting bacterial growth. However, the
teicoplanin family molecules differ in the
complement of “tailoring” modifications
they undergo after being released from
the assembly-line enzyme. A47934 (77)
has a sulfate group added, whereas teico-
planin (25) has three sugars attached (Fig.
3a), one of which is subsequently linked to
a long-chain fatty acid. The discrepant
tailoring of A47934 and teicoplanin results
from the acquisition and loss of genes
from their gene clusters (78) that encode
tailoring enzymes.

Differential tailoring of a common core
is also a hallmark of the aminoglycoside
antibiotics (79), which perturb protein
synthesis by binding to the 30S subunit of
the bacterial ribosome. These molecules
are based on the unusual sugar 2-
deoxystreptamine (80), the scaffold that

PNAS | March 25,2008 | vol. 105 | no.12 | 4605
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with the DHB subcluster genes shown in color. A portion of the vibriobactin gene cluster has been omitted

for clarity.

forms their core structure. However, the
aminoglycosides are distinguishable by the
identity of the sugars that are attached to
the 2-deoxystreptamine and the position
on the 2-deoxystreptamine to which they
are attached (Fig. 3b). This core similarity
and peripheral divergence is reflected in
the gene clusters for aminoglycosides (15),
which all share the enzymes responsible
for production of 2-deoxystreptamine
from the primary metabolite glucose-6-
phosphate. These gene clusters differ,
however, in the additional genes they
encode, which are responsible for the syn-
thesis and attachment of alternative
peripheral sugars. Indeed, these alterna-
tive genes often reside in subclusters
themselves, and it is likely that aminogly-
coside gene clusters form primarily by
joining semiindependently functioning
subclusters. This mixing and matching of
subclusters is another form of modularity
that likely enhances the capacity of ami-
noglycoside gene clusters to evolve. The
key enzymes that facilitate subcluster fu-
sion are those that conjugate the products
of the subclusters. For aminoglycosides,
these enzymes are glycosyltransferases,
and their evolutionary origins are particu-

larly significant. Glycosyltransferase substi-
tutions are responsible for the diversity in
at least one other polysaccharide family,
the O antigens of E. coli (81).

The process of joining subclusters often
produces entirely new gene clusters. The
antibiotic simocyclinone (Fig. 3¢) consists
of three chemical groups—a two-ring ami-
nocoumarin, a four-ring anthracycline,
and a linear polyene. Some small mole-
cules, like the aminocoumarin clorobiocin
and the anthracycline landomycin, contain
only one of these chemical groups. The
simocyclinone gene cluster (12, 82) con-
tains three corresponding subclusters: one
that is similar to the genes in the clorobio-
cin cluster that assemble the aminocouma-
rin, one that is related to the portion of
the landomycin gene cluster that produces
the anthracycline, and one that is likely to
produce the polyolefinic linker. In all like-
lihood, the linkage of these three subclus-
ters within a single genome triggered the
“invention” of the hybrid small molecule
simocyclinone. An important avenue of
inquiry for simocyclinone (as for glycosyl-
transferases from aminoglycoside gene
clusters) implicates the enzymes that link
the three chemical groups together (83,
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84). Because these conjugating enzymes
are necessary for the functioning of a new
“supercluster,” but would not have been
required for the original gene clusters,
their evolutionary origin is unclear. Some
relatives of the glycosyltransferase- and
acyltransferase-conjugating enzymes are
promiscuous (85, 86), and this plasticity
may have contributed to the evolution of
conjugating enzymes.

Subcluster joining facilitates a particu-
larly interesting form of chemical
innovation in which distinct metabolic
pathways merge, enabling new forms of
structural diversity among small-
molecule products by joining types of
small-molecule fragments that normally
are not linked. One compelling example
of this process is leupyrrin (87), an un-
usual small molecule that comprises the
products of four different metabolic path-
ways (88). Although its biosynthetic gene
cluster has not yet been identified, it fur-
nishes an intriguing system for studying
the origins of subclusters and the conju-
gating enzymes that allow them to be
joined functionally.

Divergent Biosynthetic Evolution: Never Far
from a Functional Molecule. The twin pro-
cesses of gene duplication and functional
divergence are central to the evolution of
complexity because they permit one of
the genes to veer off on a new course.
Not surprisingly, they also play a promi-
nent role in the evolution of new biosyn-
thetic function, with two added twists:
duplication can be intergenic (horizontal
gene transfer) as well as intragenic, and
entire gene clusters can diverge as a cohe-
sive unit. We begin by discussing duplica-
tion and divergence of subgene fragments
and progress to individual genes and gene
clusters.

The duplication and divergence of sub-
gene fragments was discussed above in the
context of intragenic module duplications in
PKSs and NRPSs. A phylogenetic analysis of
PKSs from the bacterial genus Streptomyces
demonstrates convincingly that similar intra-
genic module duplications, combined with
recombination events, have given rise to
much of the diversity of these PKSs (64).
Moving up to the level of an individual gene,
a separate phylogenetic analysis of fungal
PKSs—which are often composed of a single
multimodular gene—demonstrates that du-
plication and divergent evolution have led to
large and widely distributed families of these
genes (89). These studies illustrate how bio-
synthetic genes with common ancestry can
diverge into broad families that produce
richly diverse small molecules with a wide
variety of biological activities.

Duplication and divergence also pro-
vide clues to a second mystery: Where did
the biosynthetic genes for secondary me-
tabolites originate? Perhaps not surpris-
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often harbor enzymes with strong homol-
ogy to a primary metabolic enzyme. For
example, the enzyme RifG (90) cyclizes a
linear intermediate as part of the pathway
that forms 3-amino-5-hydroxybenzoic acid
(AHBA), a precursor to the antibiotic
rifamycin (91) and the antitumor agent
geldanamycin (92) (Fig. 4a). RifG shares
considerable homology with AroB (93), a
primary metabolic enzyme that catalyzes a
nearly identical reaction along the path-
way to shikimic acid, the precursor of the
aromatic amino acids. RifG almost cer-
tainly arose from duplication of the gene
that encodes AroB and subsequent diver-
gent evolution to alter its substrate selec-
tivity. A more impressive change in gene
function through divergent evolution is
found in the enzyme B-lactam synthetase
(94), which constructs the strained four-
membered ring found in the B-lactamase
inhibitor clavulanic acid. A combination
of bioinformatics and structural biology
(95) was used to demonstrate that -
lactam synthetase is closely related to the
primary metabolic enzyme asparagine
synthetase, indicating that functional di-
vergence is not limited to minor changes
in activity.

Finally, entire gene clusters commonly
undergo functional divergence after dupli-
cation, giving rise to families of related
gene clusters that produced related small-
molecule products. The gene clusters that
produce lantibiotics (96, 97) (Fig. 4b), a
large class of ribosomal peptide antibiotics
that require posttranslational intrapeptide
cross-linking to reach their active form
(98), almost certainly had a common an-
cestor. So too do numerous other gene
clusters, including those that produce
nonribosomal peptide antibiotics of the
glycopeptides (78) and lipopeptide (99)
families. As more gene clusters are se-
quenced, gene clusters that are part of
families that arose from duplication and
divergence may become the norm.

Convergent Biosynthetic Evolution: More
than One Molecule for the Job, and More
than One Way to Get the Molecule. Thus far
we have limited our focus to how biosyn-
thetic genes change, move about, and re-
combine to generate small-molecule diver-
sity. Yet some of the most intriguing results
of these analyses are the ways in which these
processes can converge on different small
molecules with the same function or differ-
ent pathways to the small molecule.
Examples of functional convergence—
two or more unrelated gene clusters that
produce a molecule with the same func-
tion—abound. As noted above, many bac-
teria and fungi produce iron-binding small
molecules to scavenge iron from their
environment, and three examples are de-
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picted in Fig. 5a. Despite featuring struc-
tures and biosynthetic pathways that are
unrelated, desferrioxamine, enterobactin,
and carboxymycobactin all bind iron
tightly and are used by their hosts for the
same purpose.

Just as unrelated protein folds can
evolve convergently to catalyze the same
reaction (100, 101), unrelated gene clus-
ters can evolve to produce similar (in
some cases, identical) molecules. These
examples are more compelling than two
unrelated protein folds converging on the
same activity; often, in order for unrelated
gene clusters to produce the same mole-
cule, more than five proteins (or linked
but independently folded protein do-
mains) must converge coordinately be-
cause they function
cooperatively to synthesize a small mole-
cule. One example of convergent biosyn-
thetic evolution emerges from the
primary metabolic pathways (102) that
produce the A% and A3 isomers of isopen-
tenyl pyrophosphate (IPP), the
five-carbon building block from which
cholesterol, steroid hormones, and terpe-
noid natural products are constructed
(Fig. 5b). Eukaryotes and archaea use the
“mevalonate pathway” (103), which con-
verts acetyl-CoA into IPP through the
action of seven enzymes. In contrast, most
prokaryotes use the “nonmevalonate path-
way” (104), which uses six enzymes unre-
lated to the mevalonate pathway enzymes
to convert pyruvate and glyceraldehyde-3-
phosphate into IPP. Every feature of
these pathways—other than their end-
points—is completely dissimilar. Curi-
ously, some prokaryotes use the meval-
onate pathway (105), possibly suggesting
that both pathways originated in the pro-
karyotic world. The evolutionary history
of these pathways has begun to be eluci-
dated (102, 106).

The gibberellins are a particularly strik-
ing example of convergent evolution (107,
108) (Fig. 5¢). These terpenoid natural
products are produced by plants as growth
hormones; identical molecules are pro-
duced by fungi and bacteria to regulate
(or dysregulate) plant growth processes.
The fungal and plant pathways differ in
the manner in which the precursor’s car-
bon skeleton is oxidatively modified to
form the final products (107, 108). The
bacterial pathway is still unknown. It
might either be similar to the fungal path-
way (like the bacterial and fungal -
lactam biosynthetic pathways) or it might
be a third unrelated pathway that con-
verged on the same product. In the
former case, the gibberellins would be a
family of natural products in which con-
vergent and divergent evolution have both
occurred. In the latter case, they would be
a singularly fascinating example of three

biosynthetic systems converging on the
same small-molecule product. In either
case, it is remarkable that identical mole-
cules are produced two different ways by
unrelated gene clusters. This convergence
is a testament to the evolvability of bio-
synthetic gene clusters, and it suggests that
there may be additional examples of con-
vergent biosynthetic evolution waiting to
be discovered.

Conclusion: How Do New Gene
Clusters Form?

Ironically, the best way to begin study-
ing how gene clusters evolve might be to
ask how they came to exist in the first
place. It is tempting to speculate that
many of the enormous and complex gene
clusters we observe in contemporary or-
ganisms arose largely from successive sub-
cluster-joining events. “Vestiges” of these
fragments still exist in the form of small
clusters of genes that divert a primary me-
tabolite to a widely used secondary me-
tabolite. For example, a four-gene cluster
(Fig. 6) that converts the primary metabo-
lite chorismate into an activated form of
the secondary metabolite 2,3-dihydroxy-
benzoate (DHB) is found in several ge-
netic contexts (109-111). Not only is the
DHB subcluster found in a variety of gene
clusters that produce a DHB-containing
siderophore, but DHB itself can act as a
siderophore (112) (albeit not as effec-
tively). Intriguingly, this suggests that
DHB-incorporating siderophore gene
clusters may have evolved by adding genes
that would synthesize a small-molecule
scaffold to link more than one DHB. Im-
portantly, no point along this evolutionary
path would require a transition through
an intermediate gene cluster that did not
produce an iron-chelating molecule.

Constructing sequence-based gene-
cluster phylogenies presents formidable
challenges. If we deconstruct gene clusters
into fragments for analysis, should those
fragments be subclusters, individual genes,
or subportions of genes? How will phylog-
enies of these fragments be combined co-
herently to accurately reflect the evolu-
tionary history of a gene cluster?
Undoubtedly, these higher-
order phylogenies will be richly interwo-
ven and difficult to analyze. But if we can
begin to construct the evolutionary histo-
ries of biosynthetic gene clusters, we may
ultimately piece together what Darwin
entrusted us to confirm: the story of how
complexity evolved through natural
selection.
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IN THIS ISSUE, PSYCHOLOGY

Correction for the “In This Issue” summary entitled “Universal
displays of pride and shame,” which appeared in issue 33, August
19, 2008, of Proc Natl Acad Sci USA (105:11587-11588).

The authors note that the figure is copyrighted by Bob
Willingham and is reprinted with permission. The online version
has been corrected. The figure and its corrected legend appear
below.

Blind athletes (Right) show pride in victory like sighted athletes (Left).
[Reproduced with permission (Copyright 2004, Bob Willingham).]

www.pnas.org/cgi/doi/10.1073/pnas.0811958106

PERSPECTIVE

Correction for “Chemical Ecology Special Feature: The evolu-
tion of gene collectives: How natural selection drives chemical
innovation,” by Michael A. Fischbach, Christopher T. Walsh,
and Jon Clardy, which appeared in issue 12, March 25, 2008, of
Proc Natl Acad Sci USA (105:4601-4608; first published January
23, 2008; 10.1073 /pnas.0709132105).

The authors note that a reference was inadvertently omitted
from their article. On page 4607, right column, in Conclusion:
How Do New Gene Clusters Form?, line 17, the reference callout
“(109-111)” should instead read “(109-111, 113).” The added
reference appears below.

113. Balado M, Osorio CR, Lemos ML (2006) A gene cluster involved in the biosynthesis of
vanchrobactin, a chromosome-encoded siderophore produced by Vibrio anguillarum.
Microbiology 152:3517-3528.

www.pnas.org/cgi/doi/10.1073/pnas.0812594106

DEVELOPMENTAL BIOLOGY

Correction for “Genome-wide expression profiling reveals
distinct clusters of transcriptional regulation during bovine
preimplantation development in vivo,” by W. A. Kues, S. Sud-
heer, D. Herrmann, J. W. Carnwath, V. Havlicek, U. Besen-
felder, H. Lehrach, J. Adjaye, and H. Niemann, which appeared
in issue 50, December 16, 2008, of Proc Natl Acad Sci USA
(105:19768-19773; first published December 8, 2008; 10.1073/
pnas.0805616105).

The authors note that due to a printer’s error, the affiliation
information for some authors appeared incorrectly. The correct
affiliation for V. Havlicek and U. Besenfelder is “Reproduction
Centre-Wieselburg, University of Veterinary Medicine, 1210
Vienna, Austria”; and the correct affiliation for H. Lehrach and
J. Adjaye is “Department of Vertebrate Genomics, Max Planck
Institute for Molecular Genetics, 14195 Berlin, Germany.”

www.pnas.org/cgi/doi/10.1073/pnas.0813350106

APPLIED BIOLOGICAL SCIENCES

Correction for “HDAC?2 blockade by nitric oxide and histone
deacetylase inhibitors reveals a common target in Duchenne
muscular dystrophy treatment,” by Claudia Colussi, Chiara
Mozzetta, Aymone Gurtner, Barbara Illi, Jessica Rosati, Stefa-
nia Straino, Gianluca Ragone, Mario Pescatori, Germana Zac-
cagnini, Annalisa Antonini, Giulia Minetti, Fabio Martelli,
Giulia Piaggio, Paola Gallinari, Christian Steinkulher, Emilio
Clementi, Carmela Dell’Aversana, Lucia Altucci, Antonello
Mai, Maurizio C. Capogrossi, Pier Lorenzo Puri, and Carlo
Gaetano, which appeared in issue 49, December 9, 2008, of Proc
Natl Acad Sci USA (105:19183-19187,; first published December
1, 2008; 10.1073 /pnas.0805514105).

The authors note that the author name Christian Steinkulher
should have appeared as Christian Steinkuhler. The author line
has been corrected online. The corrected author line appears
below.

Claudia Colussi, Chiara Mozzetta, Aymone Gurtner,
Barbara llli, Jessica Rosati, Stefania Straino, Gianluca
Ragone, Mario Pescatori, Germana Zaccagnini, Annalisa
Antonini, Giulia Minetti, Fabio Martelli, Giulia Piaggio,
Paola Gallinari, Christian Steinkuhler, Emilio Clementi,
Carmela Dell’Aversana, Lucia Altucci, Antonello Mai,
Maurizio C. Capogrossi, Pier Lorenzo Puri,

and Carlo Gaetano

www.pnas.org/cgi/doi/10.1073/pnas.0813311106

IMMUNOLOGY

Correction for “Dendritic cells in the thymus contribute to
T-regulatory cell induction,” by Anna I. Proietto, Serani van
Dommelen, Penghui Zhou, Alexandra Rizzitelli, Angela
D’Amico, Raymond J. Steptoe, Shalin H. Naik, Mireille H.
Lahoud, Yang Liu, Pan Zheng, Ken Shortman, and Li Wu, which
appeared in issue 50, December 16, 2008, of Proc Natl Acad Sci
USA (105:19869-19874; first published December 10, 2008;
10.1073 /pnas.0810268105).

The authors note that due to a printer’s error, in the Abstract,
beginning on line 6, “TDCs include two conventional dendritic
cell (DC) subtypes, CD8!"Sirpa/* (CDS8"°Sirpa’) and
CD8"Sirpa!”~ (CD8"Sirpa~ ), which have different origins. We
found that the CD8"Sirpa™ DCs represent a conventional DC
subset that originates from the blood and migrates into the
thymus” should instead read: “TDCs include two conventional
dendritic cell (DC) subtypes, CD8'°Sirpa/* (CD8!°Sirpa™) and
CD8"Sirpa!”~ (CD8"Sirpe~), which have different origins. We
found that the CD8"Sirpa* DCs represent a conventional DC
subset that originates from the blood and migrates into the
thymus.”

www.pnas.org/cgi/doi/10.1073/pnas.0813353106
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