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Brucellosis is characterized by abortion in ruminants and a protracted undulant fever in humans, which
often results in severe pathological manifestations. Scant information exists about the molecular mechanisms
employed by Brucella abortus to combat host defenses or to persist and replicate within host cells. Transposon
(Tn5) mutagenesis of B. abortus and the subsequent screening of mutants for sensitivity to killing in murine
macrophages and in the mouse model led to the identification of mutants which were severely attenuated for
intracellular survival. One group of mutants was interrupted in cydB, a gene that is part of the cyd4B operon
encoding cytochrome bd oxidase, which catalyzes an alternate terminal electron transport step in bacterial
respiration. The elevated affinity for molecular oxygen of this enzyme in Escherichia coli has suggested that it
is involved in the protection of sensitive enzymatic activities such as those of hydrogenases and nitrogenases
from damage. B. abortus cydB::Tn5 strains exhibited heightened sensitivity to the respiratory inhibitors zinc
and azide, highly reactive oxygen species such as hydrogen peroxide, low pH, and attenuated virulence in the
mouse model of infection. Virulence was restored by an intact copy of cydAB or by B. abortus genes encoding
the oxidative radical-scavenging enzyme Cu/Zn superoxide dismutase or catalase. These results suggest a
bifunctional role for the products of the cyd4B operon, both in preventing the buildup of oxidative free radicals
and in detoxifying the intracellular compartment, thus indicating the importance of these products in pre-
venting intracellular destruction. Intracellular conditions that favor expression of the cyd4B operon are under

investigation and may be linked to the acid sensitivity also observed in this strain.

Brucella abortus, a facultative, gram-negative, intracellular
pathogen, is the etiologic agent of brucellosis, a widely distrib-
uted zoonosis (56). In agriculturally important ruminants, the
brucellae invade the trophoblastic epithelium of the gravid
uterus (5), where their rapid multiplication leads to abortion
and infertility (50). B. abortus primarily targets organs of the
reticuloendothelial system and reproductive system in primary
hosts (14, 40), while diverse manifestations of brucellosis are
observed in humans, a secondary host, and include fever, an-
orexia, and malaise. Infection leads to localized complications
and is the result of survival in and dissemination by profes-
sional phagocytes in which the organism persists (13, 36).

Scant information exists regarding the strategies that Bru-
cella uses to escape host defense mechanisms. Previous work
suggests that Brucella may inhibit degranulation to evade the
cytocidal effects of the myeloperoxidase-H,O,-halide system in
neutrophils (10, 11). Inhibition of phagolysosomal fusion is
used to protect the organism from degradative lysosomal en-
zymes within host macrophages (6, 22). B. abortus expresses
stress response proteins under conditions observed within the
host macrophage (38), including low pH and reactive oxidative
agents (O~ and H,O,). Recent ultrastructural work has
shown that B. abortus avoids targeting to lysosomes of nonpro-
fessional cells by sequestration within autophagic vacuoles
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(41), which subsequently deliver these microbes to the rough
endoplasmic reticulum where multiplication occurs (5). Some
brucellae may be found in autophagosomes in professional
phagocytic cells, but the majority of bacteria remain in phago-
somes and strongly affect the phagosome maturation process.
At later stages, brucellae are observed in phagolysosomes but
appear to be resistant to killing activities (6). Vacuole acidifi-
cation in phagocytic cells to pHs between 4.0 and 4.5 has been
shown to be essential for intracellular survival during early
infection by Brucella suis (44) and is observed with or without
lysosomal fusion. Engulfment of B. abortus is accompanied by
an increased oxidative metabolism of glucose via the hexose
monophosphate shunt and production of reactive oxygen in-
termediates (ROIs) (28, 39).

In an effort to identify gene products used by Brucella to
control its intracellular fate, transposon-generated mutants
were selected based on attenuated survival in J774.A1 murine
macrophages. We describe here the cloning and sequence
analysis of the cydAB operon of B. abortus and evaluate its role
in survival and virulence using a murine infection model.
Changes in cell cytochrome content consistent with a switch
from cytochrome bo oxidase to cytochrome bd oxidase activity
during the stationary growth phase of B. abortus were reported
over 25 years ago (46). In Escherichia coli, cytochrome bd
oxidase expression is activated by microaerobic and acid stress
conditions (15, 16, 27). Both enzymes are ubiquinol oxidases
that catalyze the oxidation of quinols, reducing molecular ox-
ygen to water and generating the proton motive force required
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TABLE 1. List of bacterial strains and plasmids used in this study
Strain or plasmid Genotype and relevant marker Source
Strains
B. abortus
S2308 B. abortus wild-type bovine isolate, Nal" B. L. Deyoe
BA582 S2308 cydB::Tn5 Nal" Km* This study
E. coli
DH10B F~ mcrA A(mrr-hsdRMS-mcrBC) $80lacZAM15AlacX74 deoR recAl araA139 A(ara lew)7697 galU Gibco BRL
galKI rpsL endAl nupG
Plasmids
pBBRIMCS.cos Cloning vector, modified from pBBR1IMCS C. A. Allen
pSEK101 B. abortus cydAB Xbal fragment in pBBRIMCS.cos This study
pSEK102 B. abortus cydAB HindllI fragment in pBBRIMCS.cos This study
pSEK103 B. abortus AcydA BamHI fragment in pPBBR1IMCS.cos This study
pMEK15 B. abortus Cu/Zn SOD gene on pBBRIMCS M. Roop
pMEK21 B. abortus catalase gene on pBBRIMCS M. Roop
pBluescript KS 11 ColE1 bla Stratagene

for metabolism (24). Cytochrome bd oxidase has a high affinity
for molecular oxygen (K, = 0.02 pM in whole cells) and is
implicated in scavenging oxygen under limiting conditions to
protect sensitive enzymes from inactivation (30, 47). In the
absence of cytochrome bd oxidase, increased cytoplasmic oxy-
gen levels can have detrimental effects, as shown by the inhi-
bition of the oxygen-labile nitrogenase activity in Azotobacter
vinelandii (19). The phenotype of the B. abortus cydB::Tn5
strain in response to acid shock, oxidative stress, respiratory
inhibitors, and growth at stationary phase was characterized.
The results suggest that the diminished capacity for survival
exhibited by the cydB::Tn) strain at stationary phase reflects an
inability to offset the effects of oxidative stress resulting from a
buildup of oxidative radicals generated due to a disruption in
the electron transport chain.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. Virulent B. abortus S2308
was isolated from an aborted bovine fetus (B. L. Deyoe, National Animal Dis-
ease Center, Ames, Iowa), passaged once on potato infusion agar (PIA; Difco
Laboratories, Detroit, Mich.), and stored frozen at —80°C in 50% (vol/vol)
glycerol. Wild-type B. abortus as well as transposon-derived and plasmid-bearing
progeny was routinely grown on tryptic soy agar (TSA; Difco) or PIA medium
with appropriate antibiotics, for 48 to 72 h. Antibiotics (Sigma) used to supple-
ment the media were 50 g of kanamycin per liter, 30 g of chloramphenicol per
liter, or 100 g of ampicillin per liter. All Brucella cultures were incubated at 37°C
in an atmosphere containing 5% (vol/vol) CO,, unless stated otherwise. Liquid
cultures of B. abortus strains were grown in tryptic soy broth (TSB; Difco) at 37°C
in an atmosphere containing 5% (vol/vol) CO,. In experiments involving phe-
notypic characterization, Brucella strains were grown to mid-exponential phase
(optical density [OD] = 100 to 200 Klett units) in 50 ml of TSB in 300-ml Nephlo
flasks with vigorous aeration. Transformed E. coli DH10B (Gibco BRL) was
cultured at 37°C on Luria-Bertani (LB) plates containing antibiotic as needed.
pBluescript KS II(+) (Stratagene) and its derivatives were selected on LB plates
containing ampicillin. Plasmids pMEK15 and pMEK21 were kindly provided
by M. R. Roop II (Louisiana State University Medical Center, Shreveport).
Both plasmids are based on the broad-host-range vector pPBBRIMCS (33).
pBBRIMCS.cos, a low-copy-number broad-host-range cloning vector, was con-
structed by inserting a cos site containing a Bg/II fragment from pHC?79 into the
KasT site of pPBBRIMCS (1). This plasmid was used in the subcloning of selected
portions of the cydAB locus. Strains and plasmids used in mixed infections in
mice are described in Table 1. Growth phase and cell density measurements of
bacterial samples were made using a Klett-Summerson colorimeter fitted with a
blue filter.

Recombinant DNA techniques. Transposon (Tn5) mutagenesis of B. abortus
mutants, isolation of genomic DNA, and identification of the interrupted loci

have been described previously (2). To recover an uninterrupted copy of the gene
locus from the B. abortus genome, the Tn5-containing genomic fragments were
radiolabeled with [*?P]JdATP and used as hybridization probes to screen a B.
abortus S2308 genomic DNA library in N2001 (21). Phages that hybridized with
the probe were amplified, and DNA was extracted from them as described
previously. The DNA fragments were digested with Xbal, and DNA fragments
were subcloned into the Xbal site of pBluescript KS II(+) to create pGBS4. This
construct was sequenced using primers designed based on the sequence analysis
of the transposon-interrupted locus. The 7.8-kb Xbal genomic DNA fragment
was subcloned into the Xbal site of pPBBRIMCS.cos to generate pSEK101. The
Xbal fragment was digested with HindIII to generate a 5.3-kb HindIII fragment
that was introduced into the HindIIl site of pBBRIMCS.cos to construct
pSEK102. A recombinant plasmid (pSEK103) was generated by digesting the
Xbal fragment with BamHI and subcloning a 2.5-kb BamHI fragment into the
BamHI site of pPBBRIMCS.cos.

Nucleotide sequence analysis. DNA sequencing with the ABI 377 automated
sequencer was performed in the DNA Technologies Laboratory at Texas A&M
University. The DNA sequence was analyzed using MacVector sequence analysis
and AssemblyLIGN software using the National Center for Biotechnology In-
formation Blast server with the Swiss-Prot database (4).

Preparation and transformation of electrocompetent B. abortus. In the prep-
aration of electrocompetent B. abortus, all steps were performed at room tem-
perature unless stated otherwise. Strains were grown to stationary phase (OD =
300 Klett units) in Nephlo flasks as described above. The bacteria were harvested
by centrifugation, and electrocompetent cells were prepared according to a
published protocol (2). Electroporation was performed at 2.0 kV/cm and 246 U
in a BTX flat-pack cuvette (Genetronics Inc.). The cell suspension was washed
from the cuvette into a microcentrifuge tube using 1 ml of SOC medium (2%
[wt/vol] tryptone, 0.5% [wt/vol] yeast extract, 10 mM NaCl, 2.5 mM KCI, 10 mM
MgSO,, and 20 mM glucose). After incubation for 24 h at 37°C with agitation,
the bacteria were pelleted by centrifugation for 5 min at 12,000 X g, resuspended
in 0.2 ml of SOC medium, and plated on TSA plates containing antibiotic at an
appropriate concentration. The plates were incubated at 37°C for 4 days.

Survival of B. abortus in the mouse model of infection. Bacterial strains were
grown on PIA plates and harvested from the surface of the plate in 5 ml of
phosphate-buffered saline (PBS; 10 mM sodium phosphate, 0.15 M sodium
chloride [pH 7.2]). The concentration of the cell suspension was estimated
turbidimetrically (Klett units) and adjusted to a concentration of approximately
5 X 10° CFU/ml for infection. The infectious dose (CFU per milliliter) was
confirmed after serial dilution and plating of inocula on TSA plates with appro-
priate antibiotics. Six- to eight-week-old female BALB/c mice (The Jackson
Laboratory) in three parallel groups (five mice per treatment group) were in-
jected intraperitoneally with 100 w1 (5 X 10* CFU) of cell suspension. The mice
were killed by CO, asphyxiation at 1, 2, and 8 weeks postinoculation. Spleens
were collected from each group and homogenized using a tissue homogenizer
(Omni 2000; Omni International Inc.) for determining bacterial counts. The
homogenates were serially diluted in PBS and plated on TSA plates, and Brucella
colonies were counted after incubation for 72 h. Data are presented as a log;,
value of CFU per spleen and averaged over five mice.
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Competitive infections in mice. Bacterial strains were grown as described in
the previous section. Groups of four BALB/c mice (4 to 6 weeks old) were
infected intraperitoneally with an inoculum (5 X 10* CFU/ml) representing a 1:1
ratio of wild-type B. abortus to mutant or mutant transformed with selected gene
constructs. The titer of the inoculating doses was confirmed by serial dilution and
growth on TSA plates. Spleens were harvested and homogenized from each
group as described above. Serial dilutions of spleen homogenates were prepared
and plated in duplicate on TSA plates with kanamycin with or without chloram-
phenicol. Bacterial counts associated with each spleen from a given inoculum
mixture were determined at 2 and 8 weeks postinfection. Colony counts on plates
containing both antibiotics represent plasmid-containing strains only, and these
values were subtracted from the colony counts determined on kanamycin plates
representing both the mutant and the plasmid-containing strains. Data are pre-
sented as a log,, value of CFU present per spleen averaged over four mice.

Phenotypic characterization. MIC assays were performed using hydrogen per-
oxide concentrations ranging from 0.5 to 20 mM. Bacteria from mid-log-phase
cultures were pelleted by centrifugation, and the cell pellets were washed twice
in an equal volume of PBS and resuspended in PBS at a final concentration of
approximately 4 X 10* CFU/ml. One-hundred-microliter portions of the cell
suspensions were mixed with an equal volume of PBS containing hydrogen
peroxide and incubated for 1 h at 37°C in the wells of microtiter plates. Following
incubation, the cells were serially diluted in PBS and plated in triplicate on TSA
plates with appropriate antibiotics. Alternatively, a modified disk diffusion
method (Kirby-Bauer) was employed. Mid-log-phase cells were pelleted and
washed as described above and resuspended in PBS at 10® CFU/ml. One-hun-
dred-microliter portions of each culture were spread in triplicate on the surface
of TSA plates (10 cm) with appropriate antibiotics. Five-microliter portions of
30% hydrogen peroxide were spotted onto 5-mm-diameter sterile Whatman
paper disks placed at the center of each plate. The plates were incubated for 48 h
under standard conditions, and the zone of clearance surrounding each disk was
measured.

Acid tolerance was determined using Brucella cultures grown to stationary
phase (OD = 250 to 300 Klett units) at 37°C. One-half-milliliter portions were
removed from each culture, and the bacteria were pelleted by centrifugation at
12,000 X g for 5 min in Eppendorf tubes. The bacterial cell pellet was resus-
pended in TSB adjusted to various pHs (3.0 to 7.0) using concentrated HCI, and
incubation was continued in the microcentrifuge tubes with agitation at 37°C for
2 h. Following incubation, portions were serially diluted, and 100 nl of each
dilution was plated in triplicate. Survival (CFU per milliliter) was determined
after 72 h of incubation. Brucella organisms (0.7 X 1.5 um) are much smaller
than typical members of the family Enterobacteriaceae (1.5 X 6.0 pm) (9) and
grow to much higher cell concentrations (48).

Use of heavy metals to discriminate between cytochrome bd oxidase-express-
ing and nonexpressing strains utilized TSA plates supplemented with 0.15 mM
ZnSO, and 0.15 mM NaN; and appropriate antibiotics. Equal numbers of bac-
terial cells from liquid culture were serially diluted and spread in triplicate on
TSA with or without ZnSO,-NaN; supplement. Sensitivity was determined by
the reduction in the CFU appearing on the surface of the ZnSO,-NaNj; and is
reported as a percentage of cells growing on the surface of TSA plates after 72 h
of incubation.

Macrophage assays. Macrophage assays were conducted with murine J774.A1
cells or bovine peripheral blood monocyte-derived macrophages that were iso-
lated and grown as described previously (45). Intracellular survival of B. abortus
strains was determined by infecting monolayers containing 10* macrophages in
the wells of a microtiter plate at a multiplicity of 5:1 and incubating them at 37°C
in RPMI. Following a 30-min adsorption step, the medium was replaced with
fresh RPMI containing 25 g of gentamicin/ml. Two sets of plates were prepared
for incubation, one for time zero (7)) and the second for 24 h of incubation (7).
The T, plate was incubated for 1 h, and the T, plate was incubated for 24 h. At
the end of each incubation period, the monolayers were washed four times with
10 pl of complete culture medium and subsequently lysed with 10 pl of lysis
solution (0.5% [vol/vol] Tween 20). Serial dilutions were prepared from each
lysate, and 100-pl portions were plated on TSA plates in triplicate to determine
the number of surviving brucellae. The survival for each strain was calculated
using the viable Brucella CFU remaining at 7,, divided by the CFU at T,, (%
survival = CFUy, /CFU7; X 100).

Statistical analysis. Data were analyzed using the statistics software Prism 2.0
(GraphPad, Inc.). Analysis of variance using the Tukey procedure was used to
determine the level of significance of differences in recovery observed for dif-
ferent bacterial cultures in the mouse experiment. The Student # test was used to
determine the level of significance in the ZnSO,-NaNj sensitivity assay. The ¢ test
using the Mann-Whitney procedure was used to determine the level of signifi-
cance in the hydrogen peroxide sensitivity assay.

J. BACTERIOL.

RESULTS

B. abortus mutants with severe intracellular survival defect.
To identify B. abortus genes required for virulence and/or
intracellular survival, transposon mutagenesis of B. abortus
$2308 was performed as described previously (2). The mutant
bank was screened for attenuated strains using an in vitro
macrophage survival assay. One thousand mutants were
screened for survival in at least two independent assays using
the mouse macrophage-like cell line J774.A1. Mutants with the
most severe growth defects were characterized in parallel in
bovine peripheral blood monocyte-derived macrophages (data
not shown and reference 45). Mutants that were attenuated
due to a loss of O-antigen expression (rough phenotype) rep-
resented less than 1% of the mutant bank (2). In addition,
auxonography revealed that 2% of the mutants were auxotro-
phic for growth on minimal media (25, 37). Three strains,
BA234, BA411, and BAS582, grew normally in vitro and re-
tained a smooth phenotype but exhibited reduced values for
survival in the J774 macrophage-like cell line of 0.24 = 0.12,
0.28 = 0.11, and 0.29, respectively, relative to that for the
parental wild-type strain S2308 (set at 1.0) (2). (The survival
ratio obtained for BA582 was from a single experiment.)

To identify the genetic loci responsible for the growth defect
in Tn5 mutants, partial sequence data (~300 bp) were ob-
tained from BamHI-derived fragments isolated from three in-
dependently derived mutants (BA234, BA411, and BA582). In
each mutant, the Tn5 interruption was traced to a single ge-
netic locus, which shared homology with the cydB gene of the
E. coli cydAB operon (27). This fragment was used to obtain an
uninterrupted copy of the gene as described above. Sequencing
with internal primers starting from the Tn5-derived sequence
data identified a 7.8-kb Xbal fragment that contained the en-
tire cydAB region (Fig. 1). The orientations of cyd4 and cydB
in B. abortus are identical to those in E. coli. Interestingly, the
sequences immediately upstream of the cydA region from B.
abortus are homologous to the cydDC operon, which in E. coli
is 3.3 min downstream from the cydA4B operon.

Phenotypic characterization of cydB::Tn5 mutants. In vitro
characterization included classical biotyping in which the cyd
mutants were indistinguishable from the parental strain 2308
(3). In vitro growth of the cyd mutants in rich (tryptic soy,
Brucella, and potato infusion) and minimal (38) media and
response to stress conditions including acid (pH = 4.0) and
temperatures of =42°C were identical to those of the parental
strain. Decreased viability was observed when cyd mutants
were incubated for prolonged periods (5 to 6 days) post-sta-
tionary phase. This may represent an increased sensitivity to
the buildup of toxic by-products including oxidative free radi-
cals formed during prolonged incubation (see below).

Sensitivity to respiratory inhibitors in a number of gram-
negative bacteria including E. coli has been demonstrated to
result from a lack of cytochrome bd oxidase activity (32, 43).
Respiratory inhibitors such as sodium azide and zinc prefer-
entially inhibit cytochrome bo oxidase from oxidizing ubiqui-
nol, and the growth of cells lacking a functional cytochrome bd
oxidase may be selectively inhibited (32). To extend the genetic
analysis of the B. abortus cydB::Tn5 mutant strain 582
(BASS82), a ZnSO,-NaN; selection procedure (43) with mod-
ifications was used to verify the absence of a functional cyto-
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FIG. 1. Restriction map of the cydAB region. The restriction map was deduced from the partial sequence derived from the Xbal fragment
obtained from the A2001 recombinant. Outlined arrows represent the size and direction of transcription from the cydA and cydB structural genes.
The cydA open reading frame is 526 amino acids, and the cydB open reading frame is 385 amino acids. There are two open reading frames upstream
of the cydAB structural genes that share homology with the ATP binding cassette (ABC) transporters cydDC. The BamHI site within cydA is 430
nucleotides downstream from the presumed translational start site. pSEK101, pSEK102, and pSEK103 carry the corresponding Xbal, HindIll, and
BamHI fragments, respectively, on pBBRIMCS, a B. abortus shuttle vector. The HindlIII site downstream from cydB is 589 nucleotides from the

putative stop codon of cydB.

chrome bd oxidase in BAS582. Unlike the wild-type strain,
BAS582 exhibited extreme sensitivity to the combined effects of
0.15 mM ZnSO, and 0.15 mM NaNj (Fig. 2). On TSA plates,
these reagents completely inhibited the growth of BA582 but
permitted the growth of S2308. Introduction of pSEK102,
which contains a copy of the cydAB operon, restored resistance
to zinc-azide to near-wild-type levels in the cydB::Tn)5 strain. In
contrast, pSEK103, which contains only a portion of the cydA4
gene from the cydAB operon, did not restore resistance of the

Log,, Percent Survival

S2308 BA582 BA582 BAS582

PSEK102 pSEK103

Bacterial Strains

FIG. 2. Sensitivity of S2308 and S2308 cydB::Tn5 to respiratory
inhibitors. Liquid cultures were grown to mid-log phase, and portions
were serially diluted and plated on TSA plates in the presence of 0.15
mM ZnSO, and 0.15 mM NaN; as described in Materials and Meth-
ods. Results are expressed as percentages of the cells growing on TSA
plates. The limit of detection was 10 CFU/ml. Abbreviations of bac-
terial strains and plasmids are defined in Table 1.

cydB strain. Thus, consistent with the observed phenotype of
other gram-negative bacteria, the inhibitory effects of ZnSO,-
NaN; were documented in B. abortus mutants lacking the pu-
tative cytochrome bd oxidase.

In order to define the basis for the attenuated intracellular
survival of BAS82, we examined sensitivity to in vitro condi-
tions that mimic those within macrophages. B. abortus mutants
deficient in cytochrome bd oxidase activity exhibited height-
ened sensitivity to added hydrogen peroxide (Fig. 3). This
sensitivity was reversed in transformants provided with
pSEK102 containing the entire cydAB region of B. abortus but
not with pSEK103 containing sequences upstream of the
¢ydAB operon and only a portion of cyd4 (Fig. 1). These
results raise the possibility that the survival defect of the B.
abortus cydB::Tn5 mutants is due, in part, to oxidative stress
caused by blockage of electron transport in the cyd-deficient
mutants.

The chemical susceptibilities of the cydB::Tn5 mutants trans-
formed with either pSEK102, pMEKI15, or pMEK21 (see Ta-
ble 1 for plasmid descriptions) was compared with those of the
cydB::Tn5 mutant and the isogenic wild-type strain 2308 (Fig.
3). In the cydB::Tn5 strain transformed with any of the three
plasmids, susceptibility to hydrogen peroxide was comparable
to that for wild-type strain S2308. These results indicate that
the cydB::Tn5 mutant can be rescued if ROI-scavenging sys-
tems powerful enough to prevent oxygen-mediated damage are
available in the mutant bacterial cell. These plasmids persist
within B. abortus at 10 to 20 copies per cell, and overexpression
of Cu/Zn superoxide dismutase (SOD) and catalase appears to
be sufficient to alleviate the loss of cytochrome bd oxidase.

Within host macrophages, the pH of phagocytic vacuoles has
been shown to decrease rapidly to 4.0 to 4.5 (44). Early acid-
ification of vacuolar compartments has been shown to be es-
sential for intracellular survival of Brucella (18, 44). B. abortus
is resistant to pHs in this range during normal growth (34; T. A.
Ficht, unpublished data). To determine whether sensitivity to
reduced pH may play a role in the attenuation of the cydB::Tn5
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S$2308 BA582

BA582

BA582

BA582
pSEK102 pSEK103 pMEK21

BA582
pMEK15

Bacterial Strains

FIG. 3. Hydrogen peroxide sensitivity assay. Bacteria from exponential-phase cultures grown in TSB were plated on TSA plates at 10°
CFU/plate (as described in Materials and Methods). Oxidative killing was determined by measuring the diameter of the clear zone around a disk
containing 5 wl of 30% hydrogen peroxide. The values are from three independent experiments and represent the averages of clearance zones from
nine plates. Error bars represent the means of the three independent trials *+ standard deviations. The asterisks denote values significantly different
from those of the wild-type B. abortus S2308 as determined by analysis of variance using the Tukey test method. For a description of bacterial

strains and plasmids, see Table 1.

mutants, survival at reduced pH was evaluated. Although the
cydB::Tn5 strain showed diminished acid resistance at pHs of
=3.6 relative to that of the wild type, resistance to pH within
the physiologically significant range was normal (Fig. 4). Re-
sistance to low-pH conditions was restored in trans by the
cydAB region of B. abortus.

Survival of B. abortus cydB::Tn5 mutants in the mouse
model. In mice, Brucella establishes a self-limiting or chronic
infection characterized by septicemia leading to reticuloendo-
thelial involvement of both the liver and the spleen (23). The
number of virulent organisms increases rapidly in the spleen
due to their persistence within macrophages. B. abortus S2308
increased to a maximum number in the spleen by the first week
postinoculation and then declined slightly by the second week
postinoculation (Fig. 5). The number of organisms recovered
from the spleens was maintained through the eighth week
postinoculation, consistent with establishment of a chronic in-
fection. Unlike the virulent strain 2308, the Brucella cydB::Tn5
mutant was severely compromised for survival in the spleens of
inoculated mice. Recovery of the Brucella cydB::Tn5 mutant
was reduced as much as 3 logs relative to that of the wild type
at 1 week postinoculation (Fig. 5). The number of cydB organ-
isms did not appear to change significantly by the second week
postinoculation, but these organisms were undetectable by 8
weeks postinoculation. The limit of detection in the experi-
ments described was =25 CFU/spleen. It is unclear why the
cydB::Tn5 mutant did not exhibit a decline as did the wild-type
strain between the first and second weeks postinoculation. The

spleens of these mice had a normal gross appearance in con-
trast to the splenomegaly (three- to fourfold increase in spleen
weights) observed in mice inoculated with S2308.

To determine whether the growth defect observed in the
cydB-deficient strain was due solely to the loss of cytochrome
bd oxidase activity, a recombinant plasmid (pSEK102) harbor-
ing the intact B. abortus cydAB locus was transformed into the
cydB::Tn5-containing strain. The mutant strain BA582 trans-
formed with pSEK102 exhibited appreciable persistence within
the spleen, paralleling the virulent parental strain 2308 (Fig. 5).
Plasmid pSEK103, containing upstream genes and only the 5’
one-third of cydA (Fig. 1), was used as a negative control in this
background. Strains harboring this plasmid were not rescued
for intracellular survival (Fig. 5).

To further investigate the protective effect of Cu/Zn SOD or
catalase in the context of infection, BALB/c mice were chal-
lenged with an inoculum of 10° CFU containing an equal
mixture of two different strains, including (i) wild type (S2308)
plus cydB::'Tn5 mutant (BAS582), (ii) wild type (S2308) plus
cydB::'Tn5 mutant complemented with pSEK102 (BASS82
cyd ™), (iii) wild type (S2308) plus cydB:'Tn5 mutant trans-
formed with pMEK15 (BA582 sod™), and (iv) wild type
(S2308) plus cydB::Tn5 mutant transformed with pMEK21
(BA582 kat™). The ratio of wild type to cydB::Tn5 mutant
reveals a 5.5-log difference in survival at 8§ weeks of mixed
infection. Transformation with plasmids containing cydAB,
sodC, or kat genes resulted in increased persistence of the
mutant in mouse spleens (Fig. 6). These data support the
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FIG. 4. Acid tolerance response of S2308 and S2308 cydB::Tn5. Stationary-phase cells were exposed to TSB adjusted to various pHs for 2 h.
After incubation, bacterial cells were serially diluted and plated in triplicate on TSA plates. The results expressed are averages of CFU per milliliter
from triplicate plates, from two independent experiments. Error bars represent average values = the standard deviations from the means. The
asterisks denote values significantly different from those of wild-type S2308 (P < 0.05) as determined by analysis of variance using the Tukey test
method. Abbreviations of bacterial strains and plasmids are defined in Table 1.

hypothesis that attenuation of B. abortus cydB::Tn5 mutants is
the result of an increased buildup of reactive oxygen com-
pounds. However, the levels of survival achieved suggest that
resistance to other conditions may also contribute to survival.

52308
BAS582 pSEK102

(logq g cfu per spleen)

Brucella Survival

BA582
BA582 pSEK103

Time (wks)

FIG. 5. Recovery of B. abortus from the spleens of mice. Mice were
inoculated with 5 X 10* CFU (solid arrow) of either the wild-type
strain S2308 (open triangles); the cyd-negative mutant BA582 (open
circles); or the cyd-negative mutant with either the intact cydAB locus,
BAS82/pSEK102 (closed triangles), or a truncated version of the
cydAB locus, BA582/pSEK103 (open triangles). Recovery of inocu-
lated organisms from the spleens of mice is presented as the log,, CFU
per spleen from serial dilutions plated in duplicate and averaged over
five mice. Error bars represent standard deviations from the means.
The limit of detection in these experiments is =25 CFU per spleen.

DISCUSSION

Recent studies using Vero cells have provided evidence that
virulent brucellae escape host defenses by sequestering them-
selves in autophagic vacuoles and ultimately gaining entrance
to the endoplasmic reticulum where they replicate (42). How-
ever, Brucella virulence depends upon persistence in macro-
phages in both secondary and primary hosts (7), and in con-
trast to the situation using Vero cells, cellular trafficking within
macrophages revealed no association with autophagosomes
(6). Instead, Brucella trafficking in macrophages alters phago-
somal maturation in about 50% of the Brucella-containing
vacuoles and delays fusion with lysosomes. Although the re-
maining Brucella-containing vacuoles fused with the lysosomes,
the bacteria appeared to be resistant to degradative lysosomal
activities and reduced pH. B. abortus cydB::Tn5 mutants ex-
hibit increased sensitivity to ROIs and to reduced pH in vitro
and not surprisingly were attenuated for intracellular survival
within macrophages, revealing the importance of cytochrome
bd oxidase in intracellular persistence of B. abortus. Attenu-
ated survival due to a loss of cydB function was confirmed by
the restoration of survival when the intact cydAB locus was
restored in frans (Fig. 5). It follows, therefore, that intracellular
conditions may favor cytochrome bd oxidase synthesis, consis-
tent with earlier published reports demonstrating a shift in the
cytochrome content of B. aborfus membranes as the organisms
enter the stationary phase of growth (46). However, the re-
duced survival of these mutants may also be explained by the
increased sensitivity of the remaining cytochrome bo oxidase to
ROIs (Fig. 3) or reactive nitrogen intermediates (32).

The evidence reported here indicates that attenuated intra-
cellular survival of the B. abortus cydB::Tn5 mutants is caused
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FIG. 6. Restoration of virulence of B. abortus cydB::Tn5 by Brucella sod and kat genes. Mice were inoculated with a 1:1 ratio of wild-type strain
S2308 to cydB::Tn5 mutant strain BA582 or BAS582 containing the plasmid pSEK101 (cyd "), pMEK21 (kat™), or pMEK15 (sod*). Brucellae were
recovered from the spleens of mice, and the ratios of wild-type to mutant bacteria were calculated using the following formulas: CFU g, = total
number of Brucella bacteria recovered, CFUgp ., = the number of mutant bacteria recovered, and CFUyg, — CFUrgp ., = the number of
wild-type organisms recovered. Data are presented as the log,, of the ratios of wild-type to mutant CFU from serial dilutions plated in duplicate
and averaged over four mice. Error bars represent standard deviations from the means. Asterisks indicate statistically significant differences. The

limit of detection was =25 CFU/spleen.

primarily by an increased sensitivity to ROIs. Although B.
abortus cydB::Tn5 mutants exhibit extreme sensitivity to acidic
pHs, they are below the physiologically significant range (44),
and the near restoration of wild-type survival by Cu/Zn SOD in
the mouse suggests that the acid sensitivity of the cyd mutants
is not a major contributor to survival. The experiments per-
formed do not rule out the possibility that acidification is
essential for the activation of gene expression required for
intracellular survival or proper intracellular trafficking. Repli-
cation of Brucella reportedly depends on acidification of the
intracellular environment (18, 44).

Low pH also promotes the release of iron bound to trans-
ferrin receptors internalized within endocytic vacuoles (17),
and pathogens having a strict requirement for iron depend on
macrophage acidification for growth (55). E. coli and A. vine-
landii cyd mutants have been shown to overproduce sid-
erophores and are deficient in intracellular iron (12, 19).
Growth inhibition is relieved under microaerobic conditions
preventing oxygen overload or by the addition of ferrous iron
sulfate, perhaps by stimulating SOD. Ferric iron exerts its
lethality by catalyzing the generation of hydroxyl ions from
H,0,. It is tempting to speculate that the absence of a func-
tional cytochrome bd oxidase results in enhanced iron uptake
and increased killing by generating reactive oxygen species.
However, increased siderophore production by these mutants
was not detected using the method described by Cook et al.
(reference 12 and data not shown).

Although iron-dependent enzymes augment several essen-
tial metabolic processes in prokaryotes, iron-supplemented
macrophages, whether nonactivated or activated with gamma

interferon, have an enhanced capacity to kill phagocytosed
brucellae (31). In such a scenario, a functional cytochrome bd
oxidase might be involved in maintaining an electron flux
through the electron transport chain and maintaining an over-
all homeostasis in the cell. The cydB::Tn5 mutants appear to be
overproducing oxidative radicals, and the cell’s endogenous
Cu/Zn SOD and catalase are not sufficient to scavenge the
ROIs in a cydB-negative background (8).

The lack of respiration is also expected to seriously affect
metabolism in this strict aerobe and result in increased levels
of NADH and a paucity of ATP, subverting central metabolic
processes. B. abortus may require the cytochrome bd terminal
oxidase to ensure NADH reoxidation, as has been suggested
for E. coli (49). This may be especially lethal in the absence of
fermentative pathways in B. abortus to reoxidize NADH (9).
Increased production of ROIs, generated from activated H, in
the form of FADH, or reduced iron-sulfur proteins in contact
with O, (20), may overwhelm the cell’s endogenous SOD and
catalase. Increased ROIs also have the effect of reducing ferric
iron to ferrous iron that is used to catalyze the production of
highly lethal hydroxyl radicals via the Fenton reaction (52).

Using the murine model, we have demonstrated that either
Cu/Zn SOD or catalase can restore B. abortus cydB::Tn5 mu-
tants to virulence. Sufficient levels of expression were achieved
using a moderate-copy-number shuttle vector (10 to 20 copies),
under the control of native promoters in both the in vitro and
in vivo models. Although the in vitro experiments were not
sensitive enough to distinguish differences in the survival of
BAS582 when complemented by the different plasmids, Cu/Zn
SOD expression restored survival in the mouse model at sig-
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nificantly greater levels than did either catalase or cytochrome
bd oxidase (Fig. 6). The increased survival of BA582 overex-
pressing Cu/Zn SOD is surprising given the moderate effect on
virulence reported for strains deficient in the expression of this
activity (35, 51, 54). The relative importance of these activities
to survival must await determination of expression levels and
cellular distribution. Cu/Zn SOD and catalase may protect
Brucella from extracellular ROIs that damage periplasmic
components or diffuse into the cytoplasm. Cytochrome bd ox-
idase prevents or limits the intracellular buildup of ROIs but
may also participate in the inactivation of these compounds
(26). Although hydrogen peroxide poses a greater threat to
cytosolic components due to its ability to cross the membrane
(29), the results reported here suggest that superoxide anion
may pose a greater threat to viability.

The cydA and cydB genes from B. abortus share sequence
similarity with those found in other intracellular pathogens,
such as Haemophilus influenzae and Chlamydia spp. Of partic-
ular interest is their homology to the cydA and cydB genes from
Chlamydia spp. The small genome of this obligately intracel-
lular pathogen lacks the genes for many biosynthetic processes
but has retained the genes encoding essential functions for
aerobic respiration (53). The representation of the cydAB
operon in Chlamydia spp. alludes to an important function of
the gene in this pathogen, possibly in scavenging oxygen as well
as generating a proton motive force to energize the membrane.
Chlamydiae are irreversibly adapted to reside within endocytic
vesicles of eukaryotic cells, and akin to brucellae, their ability
to inhibit phagolysosomal fusion is their strategy to escape
degradative lysosomal enzymes.
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