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ABSTRACT
TRANSCRIPTIONAL REGULATION OF STREPTOMYCES
COELICOLOR ANTIBIOTIC-SPECIFIC REGULATORY GENES
By
David J. Aceti

Antibiotics produced by streptomycetes are of great medical value
and may play an important role in soil ecology. The regulatory
mechanisms governing production of these antibiotics are not well
understood. In the model organism Streptomyces coelicolor, all four
antibiotics produced are affected by mutations in a putative two-component
signal transduction system encoded by absA1/absA2 and by mutations in a
putative RNAase encoded by absB. S1 nuclease protection assays were
used to assess whether these loci control synthesis of the antibiotics
actinorhodin and undecylprodigiosin by regulating transcript abundance
from biosynthetic and regulatory genes specific for each antibiotic. Strains
that were antibiotic-minus due to mutations in absA or absB were
examined. In the absA mutant strain, transcripts for the actinorhodin
biosynthetic genes actVI-ORF1 and act/, and for the pathway-specific
regulatory gene actll-ORF4, were substantially lower in abundance than in
the parent strain. The level of transcript for the undecylprodigiosin
pathway-specific regulatory gene redD was similarly reduced in this
mutant. Additionally, a strain that exhibits precocious hyperproduction of

antibiotics (Pha phenotype) due to disruption of the absA locus contained



elevated levels of the actVI-ORF1, actil-ORF4 and redD transcripts. In the
absB mutant strain, actVI-ORF1, actil, actll-ORF4, and redD transcript
levels were also substantially lower than in the parent strain. The simplest

- explanation for these results is that the absA and the absB regulatory
pathways include transcriptional control of actil-ORF4 and redD. Studies
of transcriptional fusions between the actil-ORF4 promoter and the xy/lE
reporter gene confirmed the effects of absB on actlil-ORF4 transcription.
However, a mutation in absA had no apparent effect on the expression of
this fusion, suggesting that absA and absB have distinct regulatory
mechanisms. Of seven b/d mutants tested, none appeared to significantly
affect transcription from the actll-ORF4::xylE fusion. In a separate study,
transcriptional reporter gene fusions between the actll-ORF4 promoter and
the /ux reporter gene were used in attempts to detect antibiotic synthesis in
natural soil. Expression of the fusion was detected during growth in sterile,
nutrient-amended soil microcosms; it was concluded, however, that the
technique used is unlikely to possess the sensitivity for detection under

more natural conditions.
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CHAPTER 1

INTRODUCTION

1.0 Introduction to Streptomycetes

1.1 Streptomycetes are Antibiotic-Producing, Mycelial, Sporulating

Bacteria.

By one recent count, the bacterial genus Streptomyces includes more
than 450 recognized species (7). This number reflects the considerable
scientific and economic interest in streptomycetes that has been inspired
largely by their ability to produce a tremendous number and variety of
antibiotics and other useful pharmaceuticals. Less well known is the status
of these complex, mycelial, spore-forming bacteria as a significant research
subject in the field of cellular differentiation. A third, somewhat neglected,
aspect of streptomycete biology is their role in the environment, where they
are ubiquitous and often abundant in soil and sediments.

The genus Streptomyces, meaning “chain fungus®, was proposed by
Selman Waksman in 1943 to encompass that branch of the “aerobic,
saprophytic actinomycetes that form catenulate spores® (222). The mycelial
morphology of streptomycetes led researchers at that time to classify them
variously as fungi, as a form of life intermediate to bacteria and fungi, or as a
branch of bacteria separate from the true bacteria. Their classification as

true bacteria was established in the 1950’s and was based on electron



microscopy showing the absence of a nuclear membrane (96) as well as
biochemical characteristics that included a gram positive-type cell wall.

Species classifications within the genus was long based primarily on
spore and mycelial morphology and on the synthesis of pigmented
compounds during growth on various media. The International Streptomyces
Project of the 1960’s standardized the growth media and the descriptive
methods used in characterization (80). Later, the computer-assisted
numerical taxonomy approach of Williams et al. (233) increased the number
of biochemical and morphological characteristics used in classification.
Recent analyses based on rRNA and other molecular sequence information
confirmed earlier approaches in showing that the streptomycetes are a
taxonomically cohesive branch of the eubacteria (7,201). Currently, the
genus Streptomyces is placed within the Family Streptomycetaceae,
Suborder Streptomycineae, Order Actinomycetales, Class Actinobacteria (the
high G+C branch of the Gram positive bacteria), the Firmicutes (Gram
positive bacteria), and the Domain Bacteria (63,202).

Streptomycetes grow by apical hyphal extension and branching, forming
a dense interconnected mat of “vegetative” or “substrate” mycelia on plate
media. Chromosomes are distributed through the mycelia with cross walls
found between only approximately every tenth chromosome. A single growth
cycle on solid media, from spore germination to aerial hyphae bearing mature
spores, takes about four days under optimal conditions at 30°C. Spore

germination is followed by a period of rapid growth, then a short interval of



near-cessation of growth and macromolecular synthesis, thought to
correspond to a conversion from primary to secondary metabolism (164), and
another period of substantial mass accumulation as vertically-growing “aerial
hyphae” are formed (82). Vertical projection of aerial hyphae is aided in
Streptomyces coelicolor by a small extracellular protein, SapB, that coats the
hyphae and is proposed to break surface tension and/or create a scaffold
(230). Itis believed that energy and building blocks for the construction of
aerial hyphae are derived from the lysis and recycling of vegetative mycelia
(51). Little additional mass is accumulated during and after spore formation
and maturation (82). Three or more uninucleoid spores per hypha are
formed through growth of cell walls between chromosomes in the aerial
hyphae. Spore surfaces vary among species and may be smooth, hairy,
rugose, spiny, or warty. In liquid media, streptomycetes generally exist as
clumps or “pellets” that grow to macroscopic size, new pellets forming from
mycelial fragments shed by older pellets. Most species do not form aerial
hyphae or sporulate during growth in liquid media; a notable exception is
Streptomyces griseus.

Streptomycete chromosomes generally consist of 7-8 Mb of DNA
(118,136,226). Remarkably, at least some species possess linear
chromosomes, a discovery made in the early 1990’s that provided the first
examples of linear prokaryotic chromosomes other than the small (1 kb)
chromosome of Borrelia burgdorferi (136,226). Linear plasmids also appear

to be characteristic of the streptomycetes (122).



One of the more difficult aspects of Streptomyces research is the
phenotypic and genetic variability of the organisms. This variability is evident
both in terms of phenotypic differences under superficially identical growth
conditions and in the occurrence of spontaneous heritable mutations. Itis
believed to be due in part to the linearity of (at least some) streptomycete
chromosomes; telomere-like ends contain repeats that may promote
recombination (226). Amplification and deletion of large (sometimes greater
than 1 Mb) chromosomal segments are not uncommon and tend to occur at
“hotspots”; these are often found at chromosome ends (134,135,194) but are
not limited to them (181). Large-scale deletions and amplifications have also
been reported in connection with one of the more commonly encountered
variants in Streptomyces coelicolor cultures, the so-called “scarlet” variant,
which is characterized by changes in pigmentation and the loss of resistance
to chloramphenicol (68).

Antibiotic production may occur in both plate and liquid culture.
Microscopic examination of pigmented antibiotics or of antibiotic regulatory
protein/reporter protein fusions in Streptomyces colonies on solid media
show production only in older vegetative mycelia (46,131,209), and not in
aerial hyphae or spores. Antibiotics are almost always produced late in the
life cycle as growth rate is decreasing. A common hypothesis to explain this
timing proposes that antibiotics are produced to flood the lysing vegetative
mycelia, protecting this vulnerable source of nutrients from competing

microorganisms until it can be recycled to form aerial hyphae and ultimately



spores (51). Presumably, antibiotics would be useful competitive weapons
during earlier growth stages as well; however, synthesis may be too costly in
terms of resources during early growth and the antibiotics may be less
effective at lower cell density.

Many strains of Streptomyces produce more than one antibiotic, and a
particular antibiotic may be produced by more than one species. Genes for
antibiotic production and resistance appear to have been exchanged
frequently in evolutionary history, not only between streptomycetes but
among different genera of bacteria and even between bacteria and fungi

(88,224).

1.2 Streptomycetes are an Important Component of Soil and Sediment
Microfauna.

Actinomycetes are ubiquitous in soils around the world and are
sometimes present at concentrations as high as 10%per gram of soil
(152,221). The genus Streptomyces is often the most numerous subclass of
actinomycete isolated, typically making up 1-20% of the total bacterial viable
count from growth of soil inocula (130). Streptomycetes are easily isolated
from lake, river, and ocean sediments as well. It has been argued that their
presence in sediments results from the survival of dormant spores washed
from terrestrial soil (221); however, recent analysis of 16S rRNA isolated from
coastal marsh sediments detected metabolically active streptomycetes and

found that they comprised 2-5% of the active microbial community (160).



Despite their abundance, the role of streptomycetes in nature has been little
studied.

Growth of streptomycetes in most soil environments is believed to be
intermittent; long periods of dormancy alternate with short growth periods
induced by the occasional influx of water and nutrients (unlike some soil
bacteria, streptomycetes appear to make only limited use of root exudates)
(232). An estimated mean generation time in woodland soils of 1.7 days,
compared to 1-2 hours in laboratory liquid culture, may reflect intermittent
periods of rapid growth instead of slow, constant growth (232). In
experiments using soil microcosms seeded with spores of Streptomyces
coelicolor or Streptomyces lividans, a 5-6 day cycle of spore germination,
growth, and sporulation was observed, apparently correlating with
dehydration of the soil (225).

Their non-fastidious feeding habits and ability to sporulate gives
streptomycetes a competitive advantage during extended periods of
starvation and dessication, as shown by their increasing numbers as a
percentage of total soil bacteria in dry or carbon-poor soils (232).
Streptomycete spores are hydrophobic and may be adapted for dispersal by
soil arthropods (186).

Growing mycelia prefer moderate temperatures and pH; no true
“extremophiles” have been found among the streptomycetes (152). They are
strict aerobes but can grow in microaerophilic environments. Obligate

heterotrophs, streptomycetes produce a range of degradative enzymes



including cellulases, xylanases, and ligninases that enable them to degrade
and use a variety of organic compounds as carbon and energy sources
(127). Concentrations of “biodegradative” actinomycetes have been
estimated at 10° - 10° per gram of soil and may play significant roles in the
degradation of recalcitrant plant materials, including cellulose and lignin
(152). Streptomycetes are thought to have potential as biopesticides (72,
236) and bioremediation agents (196, 237).

To date, no convincing demonstration of antibiotic production by
streptomycetes in nature has been published. However, it is generally
accepted today that antibiotic production occurs in nature and is not simply a
laboratory phenomenon (57). The most compelling evidence is the discovery
in the last several decades that streptomycetes devote substantial genetic
resources to the synthesis and regulation of antibiotics, often greater than
1% of the total genome. However, this indirect evidence is unsatisfying and
tells little about the role of antibiotics in nature. Efforts to obtain more direct
evidence have succeeded for certain fungi and bacteria (27, 215) but have
failed for streptomycetes. The reason for this disparity is unclear; perhaps
streptomycetes produce lower quantities of antibiotics over the course of a
life cycle.

What criteria should be set for a rigorous proof of antibiotic synthesis in
nature? First, it can be agreed that the use of sterilized soil must be
disallowed; although it is relatively easy to recover antibiotics from sterile soil

microcosms seeded with streptomycetes (27, 79, 234), such environments



resemble laboratory cultures more than natural soil. Second, concentrations
of antibiotic-producers seeded into soil must not greatly exceed
concentrations found in natural soil. Third, if biological assays (i.e., inhibition
of a sensitive organism by an antibiotic-producing organism) are used,
isogenic antibiotic-producing and non-producing strains must be compared
so that inhibition by causes other than antibiotics can be ruled out. Finally, is
nutrient amendment to soils allowable? Many soil microbes, including
streptomycetes, are thought to be essentially dormant except when induced
by the occasional influx of nutrients (including water). Therefore, the addition
of nutrients that might be normally encountered in natural soil should not be
disallowed. Plant matter or compounds such as starch and chitin that could
be derived from plant debris, fungal hyphae, or insect carcasses are
acceptable.

Several experiments that approach these standards were performed
soon after the discovery of antibiotics in the 1950’s, when interest in their
natural role was at an early peak. In 1952, Gottleib and Simonoff (79)
extracted chloramphenicol from soil inoculated with Streptomyces
venezuelae; this soil had been pre-sterilized but did contain other microbial
life in the form of co-inoculated Bacillus subtilis. More convincingly, Gregory
et al. (83) and Krasilnikov (27) recovered traces of substances inhibitory to
fungi from non-sterilized, nutrient-amended soil inoculated with
streptomycetes. However, the inhibitory substances were not further

characterized nor were streptomycete inoculum concentrations reported. In



contrast, Wright et al. (27) were able to recover and identify antibiotics
produced by various fungi seeded into natural soil but were unsuccessful
with Streptomyces aerofaciens, S. griseus, and S. venezuelae.

lmpbrtant questions in soil microbiology cannot be approached until a
method for monitoring streptomycete antibiotic synthesis in soil is found.
Given their abundance, it is reasonable to speculate that streptomycetes are
a major factor in soil ecology. They may also be involved in suppression of
soil-borne plant diseases and biodegradation of xenobiotics. What role do
antibiotics play in these phenomena? It is generally believed that, with few
exceptions, streptomycete antibiotics are used as weapons against
competing microbes. Are they used to protect lysing vegetative mycelia as a
nutrient source for the construction of aerial hyphae as proposed by Chater
and Merrick (51)? This theory depends on the temporal correllation of
antibiotic synthesis and sporulation apparent in laboratory culture but
unproven in nature. By what criteria do streptomycetes that produce multiple
antibiotics “decide” which to synthesize under various conditions? Is
antibiotic synthesis coordinated among closely located colonies and, if so, by

what mechanism?

1.3 Synthesis of Pharmaceuticals by Streptomycetes
Streptomycin was first isolated from Streptomyces griseus in the
laboratory of Selman Waksman; one of the first medically important

antibiotics, it was used against tuberculosis beginning in 1944. Over the next



several decades, streptomycetes were intensively isolated from soil and
screened for the production of useful antibiotics and other pharmaceuticals.
Nearly 7,000 bioactive compounds resulted, including the majority of useful
antibiotics (206); these include tetracycline, chloramphenicol, cycloserine,
kanamycin, lincomycin, neomycin, nystatin, cycloheximide, chlortetracycline,
and vancomycin. Other pharmaceuticals derived from streptomycetes
include such immunosuppressants as tacrolimus (FK-506), cyclosporin, and
rapamycin, the antitumor drug adriamycin, the antiparasitic ivermectin, and
the fungicidal agent polyoxin. Screening strains for new compounds
continues to be a significant activity for pharmaceutical companies (206).
Over the last decade, both academic and commercial laboratories have
worked towards the development of novel antibiotics through rational
recombination of antibiotic biosynthetic genes and in vivo synthesis.
Antibiotics of the polyketide type are particularly amenable to “mixing and
matching” of genes due to the modular nature of gene clusters encoding
polyketide synthase (PKS) enzymes. Polyketides are constructed through
the action of one or more ketosynthase/acetyltransferase units and acyl
carrier proteins, often with numerous auxiliary modifying enzymes. PKS's
have been shown to be generally tolerant to modification and substrate
alteration (110, 128, 154). Aspects of polyketide synthesis that can be
altered by selective deletion or replacement of antibiotic biosynthetic genes
include degrees of reduction, chain length, stereochemistry, and post-PKS

processing, (39, 110). In addition, feeding of non-natural substrates can alter
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the carboxylic acid units used in priming and extension of the chain.
Hundreds of variations on bacterially-synthesized polyketide antibiotics have
already been produced by engineering of antibiotic biosynthetic pathways;
the potential exists for innumerable new bioactive compounds, many of which
would be difficult or impossible to synthesize chemically.

In addition to providing antibiotic biosynthetic genes for the creation of
recombinant systems, streptomycetes are a source of regulatable promotors
and can serve as hosts for the expression of recombinant systems. In a
recent example, the Taxol-like polyketide anti-cancer agent epothilone was
synthesized using Streptomyces coelicolor as a host to express biosynthetic
genes cloned from a Myxobacterium species (214). Promotors from the
actinorhodin gene cluster of Streptomyces coelicolor have been commonly
used to express recombinant biosynthetic clusters (153, 183). The
genetically well-characterized S. coelicolor and its close relative
Streptomyces lividans have often been used as expression hosts (15, 128,
153), taking advantage of well-established large-scale fermentation methods
for streptomycetes.

Recently, several vectors that may simplify the construction and
expression of recombinant antibiotic biosynthetic clusters have been
reported. Actinomycete bacterial artificial chromosomes capable of carrying
100 kb or more of DNA, that replicate in E. coli, and that integrate site-
specifically into the chromosomes of S. lividans and S. coelicolor were

constructed by Sosio et al. (200). Another integrative vector for the

1



controllable high-level expression of recombinant antibiotic biosynthetic
clusters in actinomycetes (using the actl promotor of S. coelicolor) was

reported by Rowe et al. (183).

2.0 Streptomyces coelicolor A3(2): A Model Organism

2.1 History

As a graduate student at Cambridge University in the early 1950’s, David
Hopwood chose a Streptomyces strain named “A3(2)” as a research subject
(96). Streptomycetes appeared to be an interesting intermediate between
bacteria and fungi, and strain A3(2) produced a striking blue pigment that
promised to be a useful marker for genetic crosses. Hopwood gave this
strain the species name coelicolor, meaning “sky color”. It was later
discovered that this name had been previously applied to a different
streptomycete and that strain A3(2) properly belonged within the species
“violaceoruber’; however, the name “Streptomyces coelicolor A3(2)” had
become established and is still used by most researchers. Taxonomists
place S. coelicolor strain A3(2) within a group that includes Streptomyces
lividans 66 and the spiramycin-producer Streptomyces ambofaciens (201).

Although research efforts have been scattered over a large number of
Streptomyces species due to interest in the antibiotics they produce, S.

coelicolor A3(2) has become a model organism, particularly for genetic

12



studies. Several properties make it attractive for the study of antibiotic
regulation: (1) it produces four antibiotics, each from a distinct chemical
class, thus facilitating the search for higher order/global regulators of
antibiotics, (2) two of the antibiotics are pigmented and therefore easily
assayable, (3) none of the four antibiotics are commercially useful, promoting
the free exchange of information, and (4) it is thought to be more stable
phenotypically and genotypically than many other streptomycetes.

It is believed that the study of antibiotic regulation in S. coelicolor is likely
to be widely applicable to other streptomycetes since hybridization studies
have shown homologs of many S. coelicolor antibiotic regulatory genes in
other species (8, 149, 178). In addition, S. coelicolor genes cloned into other
streptomycetes tend to be temporally regulated, suggesting conservation of
regulatory mechanisms (145, 157).

Of several S. coelicolor strains commonly used in genetic studies, a
strain known as J1501 and its derivatives are probably the most used. J1501
has useful genetic markers and is a good host for plasmids and phage (49).
The pedigree of strain J1501 is somewhat convoluted; its derivation from the
ancestral A3(2) strain is comprised of a minimum of five steps, resulting in a

number of both known and uncharacterized alterations to its genome (118).

2.2 The S. coelicolor A3(2) Genome
The S. coelicolor chromosome consists of nearly 8 Mb of DNA (118) and

has a typical streptomycete G+C composition of approximately 74% (77). Its
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size (approximately twice that of the E. coli genome) and the tendency of
related genes to be located on opposite sides of the genome has led to the
suggestion that the S. coelicolor genome may have resulted from an
ancestral duplication (96). A detailed genetic linkage map of the
chromosome has been constructed (180). A physical map, constructed using
pulsed field gel electrophoretic analysis of fragments created by Asel and
Dral digestion, was reported in 1993 (118). The physical and genetic maps
are well correlated. The linearity of the S. coelicolor chromosome was
revealed in 1993 (136, 226). Chromosome ends contain repeated identical
sequences and are covalently bound by proteins (226).

A cosmid library containing nearly the complete genetic complement of
S. coelicolor has been constructed (180) and used, since 1997, in an effort to
sequence the complete S. coelicolor genome by 2001. This project, jointly
organized at The John Innes Center (Norwich, UK) and the Sanger Center
(Cambridge, UK), had completed approximately 90% of the genome as of
December 2000. The Sanger Centre Streptomyces coelicolor Genome
Sequencing Project provides sequence information and annotations to the

public at http:/Avww sanger.ac uk/Proiects/’S cceejicclor. Based on data

collected thus far, it has been predicted that the S. coelicolor genome will
contain approximately 7000 genes (96).

One peculiarity of streptomycete genetics is a tendency towards
leaderless transcripts (10, 113, 205). A high degree of promotor

heterogeneity is also characteristic of streptomycete genes (205), and many
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genes are transcribed from more than one promotor (111, 113, 205); this may
reflect the need for subtle transcriptional regulation in an organism that
undergoes a complex developmental program.

A number of plasmids and transposable elements have been discovered
in S. coelicolor A3(2). SCP1, a giant (350 kb) linear plasmid, exists in self-
replicating form at approximately four copies per chromosome (123) or
integrated into the S. coelicolor chromosome at 9 o’clock on the genetic map
(99, 124). SCP1 is self-transmissable and is responsible for much of the
fertility used in genetic linkage mapping in this organism. SCP2 and its more
fertile variant SCP2* are 30 kb, low copy-number, self-transmissable
plasmids accounting for much of the remaining fertility of S. coelicolor strains
(21, 195). The genetic element SLP1 is found integrated site-specifically into
the chromosome (25). 1S117 (formerly known as the 2.6 kb mini-circle) is an
insertion sequence integrated at two sites in the chromosome; it can also

exist independently as a very low copy number plasmid (143).

2.3 Genetic Techniques

2.3.1 Linkage Mapping. A fairly extensive suite of techniques has been
developed for the genetic manipulation of S. coelicolor. Conjugal
recombination was the basis for early genetic studies and is still useful today.
Genetic linkage mapping may be approached using crosses mediated by the
self-transmissable plasmids SCP1 and SCP2 (95). Alternatively, crosses

accomplished by protoplast fusion result in probable complete diploidy and
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produce recombination at very high frequency, but give resuits that may be
more difficult to interpret (14).

2.3.2 Vectors. A number of vectors have been developed for introducing
and maintaining DNA in S. coelicolor. Many plasmid vectors are based on
either the low copy-number (2-3/chromosome) SCP2 (21) or the S. lividans-
derived moderate copy number (40-300 copies/chromosome) plJ101 (120).
E. coli/Streptomyces shuttle vectors have been developed (59). Plasmids
with E. coli origins of replication (which do not replicate autonomously in
streptomycetes) have been adapted for use as suicide vectors (129). A
polyethylene glycol (PEG)-assisted transformation protocol for the
introduction of plasmids and phage DNA into S. coelicolor protoplasts has
been in use since 1978 (22). Chromosomal DNA can be introduced by
transformation when entrapped in liposomes (144). Plasmids can also be
conjugated from E. coli to Streptomyces (151). The temperate Streptomyces
bacteriophage ¢$C31, with a native genome of 41 kb, has been widely used to
integrate DNA into streptomycete chromosomes (31, 129). A number of
useful variants of this phage have been developed that carry selective
markers, convenient cloning sites, and the ability to integrate either at the
attB site or (in attF strains) by homologous recombination between cloned S.
coelicolor DNA and the identical chromosomal sequence (31, 182).

2.3.3 Transposon mutagenesis. Transposon mutagenesis of cloned S.
coelicolor DNA has been accomplished in vitro with mariner or with a

derivative of Tn5 (75). Mutagenesis in vivo of the closely related S. lividans
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has been demonstrated using another Tn5 derivative (220). In each case,
insertion seems to have been fairly random.

2.3.4 Generalized transduction. The isolation of generalized
transducihg phages for S. coelicolor and other streptomycetes were reported
only very recently (32) though they have been sought for many years. These
phages are capable of transducing chromosomal and plasmid DNA between
strains of S. coelicolor at frequencies comparable to that of the wild-type P22
phage in Salmonella. Importantly, they appear to possess broad host ranges
among streptomycetes, implying that they may facilitate the analysis and
improvement of strains that produce commercially important bioactive
compounds but that have resisted genetic manipulation.

2.3.5 Reporter Genes. A number of foreign genes have been used
with some success as reporters of transcription in streptomycetes. The
Pseudomonas-derived xylE , encoding catechol 2,3-dioxygenase (CDO), is
most widely used (31, 108, 238); others include bacterial Jux (191, 199),
ampC (71), neo (223), cat (19), melC (171), aph (140), and gfp (209). The
common reporter gene /acZ from E. coliis not useful in streptomycetes due to
multiple endogenous B-galactosidase activities and poor translation of the E.
coli gene.

The xylE reporter gene bears further discussion due to its popularity and
its relevance to the work presented in this dissertation. Its use in
streptomycetes was first reported in 1989 by Ingram et al. (108) who

constructed a plasmid-borne fusion between xy/E and an S. lividans
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galactose-utilization operon promotor, galP1. A good correlation between
dot blot-quantification of fusion transcripts and xy/E-encoded CDO activity
was demonstrated (however, note that this test does not determine whether
transcription of the fusion reflects that from the native ga/P1 promotor). In
1994, Paget et al. reported a lack of reproducibility from xylE fusions
(although data was not shown) and touted the use of the S. glaucescens
melC gene as an alternative (171). Lindley et al., in 1995, reported a
discrepancy between results obtained from strB1::xylE and strB1::aph fusions
in Streptomyces griseus, although the fusion at fault was not determined
(140). Mogk et al. (158), in 1996, fused the reporters xylE, cat and bgaB
(beta-galactosidase of Bacillus stearothermophilus) to B. subtilis heat shock
protein promotors dnaK and groE. Although increased activity was measured
from all fusions in response to heat shock, wide variations were observed;
again, which if any of these fusions accurately reported transcription rates
was not determined. In 1999, Hu et al. reported a positive (though rough)
correlation between trpC::xylE fusion expression in S. coelicolor and
quantitation of the trpC transcript itself by S1 nuclease protection (106).
Craster et al. in 1999 (55) reported sometimes wide variations in CDO activity
in replicate S. coelicolor cultures expressing xylE from amino acid
biosynthetic gene promotors; however, the authors were inclined to attribute
these variations not to the reporter gene but to small differences in culture

inoculum that became amplified during growth. Craster et al. also observed a
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correlation of fusion-encoded CDO activity from these promotors with the
activity of the biosynthetic enzymes themselves (55, 176).

Several cautionary notes regarding xy/E have been published. Hassett
et al. (89) showed that CDO activity is very sensitive to hydrogen peroxide
and therefore questioned its reliability, particularly under conditions of
oxidative stress. Gonzalez-Ceron et al. (78) note that xy/E in its native state
is cotranscribed with xy/T, a gene encoding a ferredoxin that functions to
recycle CDO after each round of catalysis. Several fusion constructs
expressing xy/TE exhibited up to five-fold greater CDO activity as a result of
this recycling activity compared to fusions expressing xy/E alone. The use of
xylITE promises to increase the sensitivity of this reporter gene assay and
may also improve the accuracy of reporting under conditions in which
recycling of CDO by endogenous electron-transport proteins is limiting.

In summary, the reputation of xy/E as a reporter gene is mixed; however,
the data at this time does not seem to support its abandonment. All reporter
genes (and, indeed, all methods of tra<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>