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place the ssDNA-binding mouth of DnaG
distal from DnaB, orienting the active site of
primase inward, toward the center of the ring,
where it is positioned to accept ssDNA as it is
extruded from DnaB (Fig. 4, right). Alterna-
tively, it is possible that mechanistic differ-
ences between 6:6 and 6:1 helicase-primase
systems lead to different relative orientations
of the primase active sites. The true relative
locations of these domains awaits high-reso-
lution study of the primase-helicase complex-
es in E. coli and phage T7.
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Messenger RNA levels were measured in actively dividing fibroblasts isolated
from young, middle-age, and old-age humans and humans with progeria, a rare
genetic disorder characterized by accelerated aging. Genes whose expression is
associated with age-related phenotypes and diseases were identified. The data
also suggest that an underlying mechanism of the aging process involves
increasing errors in the mitotic machinery of dividing cells in the postrepro-
ductive stage of life. We propose that this dysfunction leads to chromosomal
pathologies that result in misregulation of genes involved in the aging process.

The question of why we age has intrigued
mankind since the beginning of time. Extensive
studies of model systems including yeast, Cae-
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norhabditis elegans, Drosophila, and mice as
well as studies of human progerias and cellular
senescence have identified a number of pro-
cesses thought to contribute to the aging phe-
notype (/). These include the effects of oxida-
tive damage associated with cellular metabo-
lism and genome instabilities such as telomere
shortening, mitochondrial mutations, and chro-
mosomal pathologies. To gain greater insights
into the mechanisms that control life-span and
age-related phenotypes, we have studied gene
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regulation of normal and premature aging in
actively dividing cells. Studies of fibroblasts
derived from young, middle-age, and old-age
humans and from humans with Hutchinson-
Gilford progeria revealed sets of genes that
correlate with, and hence likely contribute to,
age-related phenotypes and diseases. The re-
sults also suggest that mitotic errors in dividing
cells may lead to the altered expression of this
collection of genes.

Ten closely matched dermal fibroblast cell
lines were classified into four categories based
on their chronological and diagnostic similari-
ties: normal young (NY), normal middle (NM),
normal old (NO), and Hutchinson-Gilford prog-
eria (P) (2). Collectively, NY, NM, and NO
samples allow examination of the expression
levels of various genes throughout the natural
aging process. Hutchinson-Gilford progeria, on
the other hand, is a rare genetic disease in
which those affected display at a very early
age features typically associated with natural
old age, including loss of or graying of hair,
diminished subcutaneous fat, cardiovascular
disease, and skeletal abnormalities (3). Ac-
tively dividing early passage fibroblasts from
each age group were initially examined by
phase contrast and fluorescence microscopy
to characterize age-related morphological
changes (2). For each group, the elliptical
morphology characteristic of fibroblast nuclei
was observed in the majority of cells. How-
ever, in contrast to fibroblasts from NY and
NM individuals, whose nuclei appeared nor-
mal, the NO and P groups had a significant
proportion of cells exhibiting aberrant nuclear
morphology including multilobed nuclei and
irregular nuclear boundaries. The NO and P
populations also had a higher proportion of
cells with multiple nuclei, consistent with re-
ports of age-dependent increases in micro-
nucleation in human lymphocytes (4). Flow-
activated cell sorting (FACS) analysis of the
same fibroblasts from the NY and NM groups
revealed very similar populations of cells with
2N, S, and 4N DNA content. However, NO
and P fibroblasts showed higher percentages
of 4N DNA content (Fig. 1), consistent with
the larger number of binucleated cells ob-
served by microscopy.

To examine the transcriptional profiles
(mRNA abundance) of these fibroblasts, asyn-
chronous and actively dividing cells were
cultured in vitro to about 60% confluency (2,
5). Messenger RNA levels were analyzed
with high-density oligonucleotide arrays con-
taining probes for more than 6000 known
human genes. Expression patterns for each
age group (NM, NO, and P) were compared
with NY fibroblasts (baseline). Only those
changes that were reproducible across all
comparisons and all independent replicates
were considered further (Fig. 2). On the basis
of these conservative criteria, we found that
61 genes (~1% of the genes monitored)
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showed consistent expression level changes
more than twofold between young and mid-
dle age. More than half of these 61 genes can
be grouped into two functional classes, (i)
genes whose products are involved in cell
cycle progression (25%) (Table 1) and (ii)
genes involved in maintenance and remodel-
ing of the extracellular matrix (ECM) (31%)
(Table 2). The first group of genes are all
involved in mitosis and are down-regulated
between 2.6- and 12.5-fold. These include
cyclins A, B, and F, which are typically
up-regulated at the G,-M cell cycle phase
transition and control mitotic progression (6);
polo kinase (pLK), which regulates both
spindle assembly and cyclin-dependent ki-

nase l—cyclin B (Cdkl-cyclin B) activation
(7, 8); and p55CDC, which participates in the
mitotic checkpoint (9). In addition, a group of
proteins involved in spindle assembly and
chromosome segregation are down-regulated,
including the centromere-associated proteins
CENP-A (10), mitosin (CENP-F) (/7), and
histone H2A.X (12), as well as the kinesin-
related proteins, mitotic centromere-associat-
ed kinesin (MCAK) (13), mitotic kinesin-like
protein-1 (/4), and kinesin-like spindle pro-
tein (HKSP) (/5). Transcription factors asso-
ciated with the G,-M transition, including
B-myb (16, 17) and hepatocyte nuclear fac-
tor—3/fork head homolog (HFH-11A) (/§),
are also down-regulated. Myb is known to
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Fig. 1. Actively dividing cells were grown in culture to about 60% confluency before they were
ethanol-fixed and stained with propidium iodide for DNA content. The gated histograms were
generated and curve-fitted with ModFit LT (Verity Software House, Topsham, ME). (A) NY
(CRL7469): 2N, 62%; S, 14%; 4N, 24%. (B) NM (CRL7581): 2N, 60%; S, 19%; 4N, 21%. (C) NO
(AG04059B): 2N, 52%; S, 11%; 4N, 37%. (D) P (AG06297B): 2N, 40%; S, 8%; 4N, 52%. The cell
cycle parameters for these cell lines are representative of each age group with 3% SD in NY, NM,
and NO, and 6% SD in progeria. Colors indicate specific DNA content: red, 2N; blue, S; yellow, 4N;
light yellow, 8N.
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Fig. 2. A comparative analysis of gene expression in natural and accelerated human aging.
Expression profiles from cells from middle- and old-age participants and participants with progeria
were compared with cells from young participants. The selection criteria were set conservatively
such that the selected genes were required to have the same pattern of expression (all up-regulated
or all down-regulated) with a twofold change of transcriptional levels or greater in all comparisons.
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regulate cellular proliferation and differenti-
ation, and HFH-11A is a homolog of daf-16,
a protein that has been shown to regulate key
metabolic and developmental genes and plays
a role in regulating life-span in C. elegans
17).

A significant number of genes involved in
remodeling of the ECM also show altered
expression. For example, human macrophage
metalloproteinase (HME) and stromelysin 2
are increased 24- and 14-fold, respectively,
whereas the protease inhibitors urokinase in-
hibitor (PAI-2) and cystatin M increase five-
to ninefold. A number of proteoglycan cell
adhesion proteins are also up-regulated, in-
cluding dermatopontin, fibromodulin, and
thrombospondin, as well as collagens VI and
XV and cartilage oligomeric matrix protein
(COMP). The preponderance of differentially
expressed mitotic and ECM genes compared
with genes involved in other cellular process-
es likely reflects some level of coordinated
regulation between these classes of genes
(19). The remainder of genes whose expres-
sion levels differ consistently by twofold or
more include key enzymes involved in the con-
version of arachidonic acids to the prostaglan-
dins and thromboxane, such as prostaglandin
endoperoxidase synthase 2, endoperoxide syn-
thase type 11, cyclooxygenase 2, and endoper-
oxidase synthase (5- to 30-fold changes). In-
creasing levels of these enzymes with age may
affect a large number of systemic physiological
processes, including platelet aggregation, mus-
cle and kidney function, bone formation, and
various inflammatory processes.

Analysis of gene expression in fibroblasts
isolated from old versus young individuals
again revealed a down-regulation of genes
involved in the G,-M phase of the cell cycle
(Table 1). Some of these same cell cycle
genes that were down-regulated in middle
age versus young cells are more significantly
down-regulated in old-age individuals. In
addition, other cell cycle genes are affected.
For example, the cell cycle proteins FRAP-
related protein [FRP1, a homolog of ataxia-
telangiectasia mutated (ATM) and its related
protein (ATR)], CKS1, and Mytl are down-
regulated three- to ninefold; all are involved
in the G,-M DNA dependent checkpoint
pathway, which ensures fidelity before entry
into mitosis (20). CDC25B, a key protein
triggering entry into mitosis, is also down-
regulated. Expression of some of these genes
may be controlled by common cell cycle
transcriptional control elements (27). There is
also an increase in the number of down-
regulated genes involved in spindle assembly
and segregation, including CENP-E, HMG-2,
Ran BP1 (also involved in nuclear transport
and regulation of polyadenylation), and scaf-
fold attachment factor. DNA synthesis and
repair genes {e.g., thymidylate synthase,
minichromosome maintenance protein, Rad
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2, poly(adenosine diphosphate—ribose) [poly-
(ADP-ribose)] synthetase, and proliferating
cell nuclear antigen} and RNA synthesis and
processing genes (RNA helicases) are also
down-regulated. The importance of the
down-regulation of some of these repair
genes has been clearly demonstrated. For ex-
ample, in the case of poly(ADP-ribose) syn-
thetase (also known as a polymerase, or
PARP), partial inhibition by antisense agents
or complete removal by gene knockout re-
sults in increased DNA strand breaks, recom-
bination, gene amplification, and aneuploidy
(22). Decreased expression levels are also
found for proteasomal proteins, which are a
core component of the anaphase-promoting
complex (APC) and are responsible for the
timing of the metaphase to anaphase transi-
tion (the final stage of cell division) and other
key events in the cell cycle (Table 1). A
significant number of genes whose products
affect the ECM are again differentially ex-
pressed in fibroblasts from old-age individu-
als; however, the expression levels are less
pronounced when compared with that of NM
and NY fibroblasts. Genes involved in ara-
chidonic acid oxidation continue to be affect-
ed, as do genes involved in lipid transport and
metabolism.

Other changes in gene expression occur in
old age that are not seen in middle age. For
example, genes involved in the stress re-
sponse and heat shock proteins are up-regu-
lated, including «f-crystallin, which is
thought to be involved in maintenance of the
cellular cytoskeleton (23), and a heat shock
serine protease human HtrA, which is over-
expressed in osteoarthritic cartilage. Mito-
chondrial genes are down-regulated, which is
consistent with age-related mitochondrial
dysfunction (/). Similar changes in a number
of stress-response and metabolic genes were
observed in expression profiles of aged ver-
sus young skeletal muscle from mouse (24).
Transcript levels of genes involved in onco-
genesis, signal transduction, and the cellular
immune response also change and may be
linked with age-related diseases.

A comparison of mRNA transcript profiles
between progeria and normal young cells re-
veals a consistent and significant change in the
expression of 76 genes. Many of these genes
overlap with those found in the comparison of
young and old-age samples (Tables 1 and 2). In
particular, genes involved in cell division and
DNA or RNA synthesis and processing are
commonly down-regulated in NO and P. ECM-
related genes continue to represent a significant
fraction of those genes whose expression levels
change. Particularly in progeria, one observes
changes in expression of the caldesmons, which
are actin-binding proteins involved in cell cy-
cle—dependent reorganization of the cytoskele-
ton (25); desmoplakin I, which plays a role in
intracellular adhesive junctions (26); and auto-

taxins, which are extracellular phosphodiester-
ases involved in cellular chemotaxis. Trans-
forming growth factor—3 (TGF-$) expression
also increases 12-fold, consistent with changes
in expression of the large number of genes that
affect the ECM (27). Genes involved in fatty
acid transport and oxidation also vary in similar
ways, as with old age and progeria.

Comparison of the genes whose transcript
levels change as a function of natural and pre-
mature aging reveals classes of genes that can
be linked to aging-related phenotypes and dis-
eases. For example, osteoblast (OB)-specific
factor 2 (osteoprotegerin) (28) and OB-cadherin
(29) play key roles as transcriptional activator
and adhesion molecules in bone formation, re-
spectively. Their down-regulation in old age
may be linked to bone diseases such as osteo-
porosis. HME (30) is up-regulated with age and
has been shown to be associated with joint
destruction in rheumatoid arthritis. Down-regu-
lation of the hyaluronic acid (HA) synthase
may also contribute to joint disease; depletion
of HA is observed in early experimental osteo-
arthritis in dogs (31). Cartilage oligomeric ma-
trix protein is significantly up-regulated in old
age and has been shown to correlate with dis-
ease activity in rtheumatoid arthritis and is also
arthritogenic when expressed in rat cartilage
(32). Cathepsin C, an oligomeric lysosomal
protease whose loss of function results in peri-
odontal disease and palmoplantar keratosis, is
down-regulated 10-fold in old age (33). In gen-
eral, the altered expression of a large number of
genes that influence the ECM may contribute to
age-related changes in the derma.

Expression of other genes possibly linked
to age-related diseases is also observed. The
breast cancer susceptibility protein-1 (BRCA-
1) associated Ring domain protein (BARD1),
which binds the NH,-terminus of BRCA-1, a
protein implicated in DNA repair and cell
cycle checkpoint regulation, is down-regulat-
ed in old-age and progeria cells (34). Down-
regulation of BARDI may deleteriously af-
fect BRCA-1 function and may be linked
with age-related sporadic breast cancer; mu-
tations of BARD1 have been identified in
breast, ovarian, and uterine cancers (35). The
hFRP-1 gene, which is also down-regulated
in old age, is a homolog of the gene ATM
mutated in ataxia-telangiecstasia (A-T). A-T
is an autosomal recessive disorder character-
ized by progressive neurodegeneration, im-
mune deficiencies, premature aging, chromo-
somal instability, and radiation sensitivity
(36). ATM, like BRCA-1, plays a key role in
the cellular response to DNA breaks, includ-
ing activation of cell cycle checkpoints and
DNA repair. Down-regulation of genes in-
volved in these pathways would result in an
increase in genetic instability and sensitivity
to reactive oxygen species. af3-crystallin ex-
pression increases with old age (37). It is also
overexpressed in a number of neurolog-
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ical disorders such as Alzheimer’s disease,
Diffuse Lewy Body disease, and Alexander’s
disease, suggesting a possible link between
this protein and age-related neurologic dis-
case. af-Crystallin has also been implicated
in the formation of age-related nuclear cata-
racts (38). The amyloid precursor protein
(APP)-binding protein, which binds at the
COOH-terminal of APP, the proteolysis site
in the generation of (3 amyloid peptides, is
down-regulated with age (39). TGF-f3, a key
growth factor that regulates tissue homeosta-
sis and whose sustained expression is respon-
sible for tissue fibrosis, is highly up-regulated
in progeria, consistent with the biopsies from
the progeria patients. COX-2 expression is
down-regulated in NM, NO, and P samples.
COX-2 knockout mice exhibit abnormalities
in the kidney, heart, and ovaries that result in
renal dysplasia, cardiac fibrosis, cancer, gas-
tric insufficiency, and female infertility—all
of which are related to aging (40). Thus,
analysis of gene expression across a larger
collection of human genes and in a number of
different tissues specifically affected by these
and other age-related diseases may allow the
identification of key genes associated with
diseases of aging, which may provide poten-
tial points for therapeutic intervention. Clear-
ly, it will be of interest to carry out similar
studies with cell types associated with specif-
ic diseases such as breast epithelial cells.

In addition to identifying genes that contrib-
ute to the aging phenotype, the analysis of gene
expression in natural aging and progeria may
also provide insights into the underlying mech-
anisms of the aging process. A comparison of
cells from middle- and old-age humans reveals
a common set of genes with altered expression
levels. These genes are principally involved in
the G,-M phase of the cell cycle and in remod-
eling the ECM; they are likely linked through
changes in the cellular cytoskeleton that occur
during cell division. A comparison of gene
expression in old age and progeria also reveals
disregulation of many of the same genes, as
well as additional genes involved in DNA or
RNA synthesis and processing. The large num-
ber of mitosis-related genes that are down-reg-
ulated in middle-age, old-age, and progeria fi-
broblasts does not simply reflect altered cell
cycle populations resulting from differential
growth rates. This is supported by the fact that
the G,-G, and G,-M populations in young and
middle age are virtually identical and that the
cells also grow at the same rate. In old-age and
progeria cells, the 4N DNA content is even
higher, reflecting either a larger number of cells
in G,-M or an increased incidence of tet-
raploidy. The genes whose expression is altered
in middle-age, old-age, and progeria also do not
correspond with those observed in cellular se-
nescence (47). Indeed, a recent re-examination
of fibroblast culture replicative life-span does
not show a correlation with donor age (42). In
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addition, the transcript profiles described here
do not resemble those of quiescent (/9), con-
tact-inhibited (43), or G,-arrested cell popula-
tions (44), nor do the changes in gene expres-
sion observed here correspond to those ob-
served in the aged hypothalamus (43) or skel-
etal muscle (24). In the latter case, a marked
stress response was observed along with a low-
er expression of metabolic and biosynthesis
genes. Although a number of the same changes
were observed here, the majority of changes we
observe in cell cycle, ECM, fatty acid oxida-
tion, and disease-related genes were not ob-
served in muscle or hypothalamus. The altered
expression of these genes observed at middle
age and elaborated in old age and progeria are
likely specific to mitotic versus postmitotic
cells.

We suggest that an altered expression of
genes involved in cell division occurs with age.
These changes result in increased rates of so-
matic mutation, leading to numerical and struc-
tural chromosome aberrations and mutations
that manifest themselves as an aging pheno-
type. Previous studies have demonstrated an
increase in aneuploidy with increased age (45),
and down-regulation of mitotic genes has been
shown to lead to aneuploidy in experimental
models. For example, both a motorless mitotic
centromere-associated kinesin (MCAK) and
antisense inhibition of MCAK lead to chromo-
some lagging during anaphase (/3). It has also
been argued that mutations in presenilin 1 and
2, which are associated with both the interphase
kinetochore and centrosome and account for
most early onset familial Alzheimer’s disease,
may result in chromosome pathologies (46).
Aneuploidy associated with chromosome 21 is
involved in Down syndrome, a disease charac-
terized by some features of premature aging.
Misregulation of genes involved in cell division
may be the result of an intrinsic lack of fidelity
that arises in the absence of selection in the
postreproductive stage. Alternatively, the grow-
ing loss of fidelity may result from the cumu-
lative effects of oxidative damage associated
with metabolism, which are slowed by caloric
restriction (24). In fact, there may be multiple
entry points into this process. For example,
Werner syndrome, which is characterized by
the premature appearance of aging in young
adults (47), shows an increased rate of chromo-
somal abnormalities caused by mutations in a
DNA helicase or exonuclease enzyme known
as WRN.

Chromosome pathologies that begin to oc-
cur in dividing cells relatively early in life
(postreproductive stage) may then lead to
misregulation of key structural, signaling,
and metabolic genes associated with the ag-
ing phenotype, such as osteoporosis, Alzhei-
mer’s disease, arthritis, and so forth. Mis-
regulation of this sort is expected to increase
in each round of cell division. It may be
propagated to other normal mitotic (e.g., leu-

kocytes, epithelial cells, glial cells, and so
forth) and postmitotic (e.g., neurons, mus-
cles, and so forth) cells through changes in
the ECM and oxidized fatty acid derivatives
that affect signaling pathways. Aging, there-
fore, may occur gradually and in mosaic pat-
terns, rather than as a uniform phenomenon
as in cancerous growth, which is clonal. Ad-
ditional studies are required before we can
understand the aging process in complex or-
ganisms, both in mitotic and postmitotic tis-
sue, but the studies reported here highlight
important mechanisms that may contribute to
aging and age-related problems.
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Similar Requirements of a Plant
Symbiont and a Mammalian
Pathogen for Prolonged
Intracellular Survival
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Brucella abortus, a mammalian pathogen, and Rhizobium meliloti, a phyloge-
netically related plant symbiont, establish chronic infections in their respective
hosts. Here a highly conserved B. abortus homolog of the R. meliloti bacA gene,
which encodes a putative cytoplasmic membrane transport protein required for
symbiosis, was identified. An isogenic B. abortus bacA mutant exhibited de-
creased survival in macrophages and greatly accelerated clearance from ex-
perimentally infected mice compared to the virulent parental strain. Thus, the
bacA gene product is critical for the maintenance of two very diverse host-

bacterial relationships.

Rhizobia establish agriculturally important
symbioses with leguminous plants (), whereas
brucellae are highly infectious pathogens of
animals and cause the human disease brucello-
sis (2, 3). Despite leading to exceedingly dif-
ferent outcomes in interactions with their re-
spective eukaryotic hosts, the in-host life-styles
of these closely phylogenetically related bacte-
ria (4) show striking parallels. In the establish-
ment of chronic infection, both rhizobia and
brucellae are endocytosed by host cells, where
they then undergo adaptive changes and ulti-
mately live for prolonged periods in intracellu-
lar, acidic, host-membrane—bound compart-
ments (/-3, 5, 6).

Rhizobium meliloti bacA mutants invade
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alfalfa nodules like wild-type bacteria, but
lyse upon release into plant cells before they
can differentiate and establish a chronic host
infection (7). BacA is predicted to be a cy-
toplasmic membrane transport protein with
seven transmembrane domains (7, §). BacA
is 64% identical to, and functionally inter-
changeable with, the Escherichia coli SbmA
protein inferred to be a transporter of bleo-
mycin and microcins B17 and J25 (9). R.
meliloti bacA mutants also have increased
resistance to bleomycin (9).

We identified a B. abortus DNA fragment
that included a monocistronic 1248-nucleotide
open reading frame (ORF) (GenBank
AF244996) (10) that encodes a predicted pro-
tein of 47.3 kD with 68.2% identity to R. me-
liloti BacA. In both B. abortus and R. meliloti,
bacA is flanked by an upstream gene for a
putative transporter and a downstream gene,
transcribed in the opposite direction, that has
similarity to a putative bacterial secreted pro-
tein. We constructed an allele (bacAl) of the
bacA gene in which 41% of the bacA ORF was
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replaced with a drug resistance cassette (strain
KL7) (11). As with R. meliloti, disruption of
bacA function resulted in increased resistance
to bleomycin (Fig. 1) (12).

The capacity of the brucellae to survive
and replicate in host macrophages is critical
to their ability to produce disease (2). The
bacAl mutant and its wild-type parent were
opsonized and used to infect cultured murine
macrophages (/3). During the first 24 hours
post infection (p.i.), both strains showed net
intracellular killing by the phagocytes (Fig.
2). The virulent wild-type strain showed
characteristic net replication in macrophages
at 36 hours p.i. and beyond, but the bacAl
mutant did not appear to recover after the
initial period of killing.

To determine if this defect in intracellular
replication in macrophages correlated with an
inability to establish a chronic infection in the
host, we experimentally infected BALB/c
mice with the bacA I mutant and its wild-type
parent (/4). BALB/c mice represent the clas-
sic model for chronic B. abortus infection in
the host (/5): Substantial numbers of brucel-
lae can be recovered from the spleens and
livers of mice infected with virulent strains
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Fig. 1. Increased resistance of the B. abortus
bacA mutant to killing by bleomycin. Strains
2308 (wild-type), KL7 (AbacA ), and KL7R (re-
constructed AbacA) were spread onto Schae-
dler agar plates and overlayed with filter paper
disks containing bleomycin. The diameter of
cleared zones of B. abortus growth inhibition in
response to the drug was measured after 72
hours. Data are presented as the mean * SD
(n = 5).
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