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znuA is known to be an important factor for survival and normal growth under low Zn2� concentrations for
Escherichia coli, Haemophilus spp., Neisseria gonorrhoeae, and Pasteurella multocida. We hypothesized that the
znuA gene present in Brucella melitensis 16 M would be similar to znuA in B. abortus and questioned whether
it may also be an important factor for growth and virulence of Brucella abortus. Using the B. melitensis 16 M
genome sequence, primers were designed to construct a B. abortus deletion mutant. A znuA knockout mutation
in B. abortus 2308 (�znuA) was constructed and found to be lethal in low-Zn2� medium. When used to infect
macrophages, �znuA B. abortus showed minimal growth. Further study with �znuA B. abortus showed that its
virulence in BALB/c mice was attenuated, and most of the bacteria were cleared from the spleen within 8 weeks.
Protection studies confirmed the �znuA mutant as a potential live vaccine, since protection against wild-type
B. abortus 2308 challenge was as effective as that obtained with the RB51 or S19 vaccine strain.

Zn2� is an essential mineral required by bacteria as either a
structural or catalytic cofactor (32). Bacterial survival and pro-
liferation in the environment and within animal hosts are crit-
ically dependent on the uptake and sequestration of transition
metals, such as Zn2� (4). This is problematic, because free
Zn2� concentrations in mammalian hosts are very low, so as to
prevent bacterial colonization. To acquire the necessary Zn2�

for its metabolism, bacteria have evolved several types of pro-
teins that are involved in binding and transporting zinc (9).

The translation products of the znuABC operon found in
Escherichia coli (5, 31), Haemophilus spp. (27), Neisseria gon-
orrhoeae (8), Pasteurella multocida (15), and Synechocystis sp.
strain 6803 (4) constitute a high-affinity periplasmic binding
protein-dependent and ATP-binding cassette (ABC) transport
system for Zn2�. In gram-negative bacteria, ABC transport-
ers are involved in the active transport of molecules from
periplasm to the cytosol (19). In addition, znuA mutants in H.
ducreyi (27) and P. multocida (15) were found to be signifi-
cantly less virulent than wild-type strains when tested in animal
models.

B. abortus is a gram-negative facultative, intracellular patho-
gen capable of infecting both wildlife and livestock (7), and it
is able to cause severe zoonotic infection in humans (3, 34).
Currently, there are no human Brucella vaccines, and current
livestock vaccines such as S19 and RB51 are virulent in hu-
mans. Attempts to develop live brucellae vaccines have met
with varied success. For instance, inactivation of the amino
acid biosynthesis pathway genes pheA, trpB, and dagA dis-
played little or no attenuation in cultured murine macrophages
or in mice (1). The mutants of purine biosynthesis pathway
genes purL, purD, and purE (1) displayed significant attenua-
tion in BALB/c mice, but live brucellae remained viable after
12 weeks, suggesting that their virulence was not sufficiently
attenuated for adoption as a livestock vaccine. The aromatic

amino acid pathway aroC mutant of B. suis (14), the B. abortus
lipid A fatty acid-transporting gene bacA mutant (12, 26), the
type IV secretion virB mutant (11), and the ferrochelatase
hemH mutant (2) showed highly attenuated virulence, but their
protective efficacy has yet to be reported. B. abortus nicoti-
namidase pncA (22) and exopolysaccharide transporter exsA
(33) mutants showed substantial protection, but these vaccine
strains still colonized the host even after 6 weeks. One prom-
ising live brucellae vaccine candidate was shown with the cyclic
�-1,2-glucan B. abortus cgs mutant of S19, which effectively
cleared within 4 weeks and conferred complete protection
against low-dose, not high-dose, challenge with wild-type B.
abortus 2308 (6). Collectively, these studies show that defined
Brucella mutants can be effective, but their potential efficacy
remains difficult to predict.

MATERIALS AND METHODS

Genetic methods. Isolation of plasmid and bacterial chromosomal DNA, re-
striction enzyme digests, and agarose gel electrophoresis were performed ac-
cording to standard molecular biological techniques. Plasmids were transformed
into E. coli strains by standard techniques. Restriction endonucleases, T4 DNA
ligase, calf intestinal alkaline phosphatase, the plasmid Miniprep kit, and the
DNA fragment gel extraction kit were purchased from New England Biolabs and
used according to the manufacturer’s specifications.

Bacterial strains. B. abortus strain 2308 and the vaccine strain RB51 were
obtained from the National Veterinary Services Laboratory, USDA (Ames, IA).
B. abortus vaccine strain S19 was obtained from Colorado Serum Co. (Denver).

Suicide plasmid and B. abortus mutant construction. A pair of primers was
designed for znuA DNA fragment amplification. The primers’ designations were
based on B. melitensis 16 M, whereas the template DNA used for PCR was from
B. abortus 2308. Primer sequences were the following: Z-F, TTTAAGCTTCG
GTTGCCCGGATGCTG; and Z-R, GCGTCTAGATTGAAGGCAAGTGTC
GTG. Restriction enzyme sites of HindIII and XbaI (underlined nucleotides in
the above sequences) were integrated to the 5� end of primers Z-F and Z-R,
respectively. This pair of primers was designed for amplifying znuA and its
upstream (164 bp) and downstream (126 bp) DNA sequences. A total of 1,277 bp
was expected to be amplified. The 1,277-bp PCR product was cloned into pUC18
for sequencing, and differences with B. melitensis and B. suis were annotated.
Two amino acid differences were determined (GenBank accession no.
AY941821). This pair of primers was also used to verify the deleted sequence in
the knockout mutant.

For the mutant construction, two pairs of primers were designed for the
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upstream (1,818 bp) and downstream (1,538 bp) regions of the B. abortus 2308
znuA DNA fragment in which SacI, XbaI, XbaI, and SalI (underlined) sites were
integrated into both of the PCR fragment ends. Primer sequences were the
following: up-F, TTAGAGCTCACCGTTGCTGCGAGGAG; up-R, GTATCT
AGAAGCCAGAAAGGCAGAAGCAAG; and dn-F, CTCTCTAGATCGCTG
AAAGACTGCCTG; dn-R, TTTGTCGACTTGGATGTGCGGGAAGCC.

Upstream and downstream znuA DNA fragments from B. abortus 2308 were
then cloned into pUC18 and subcloned into the suicide vector pCVD442 (Ampr)
between SacI and SalI to yield suicide plasmid pCznuA, which is capable of
propagating in E. coli S17-1 �pir�. pCznuA from donor E. coli S17-1 �pir� was
transferred to B. abortus 2308 by conjugation. Cells were spread onto Bacto
Potato Infusion Agar (PIA) (DIFCO, Sparks, MD) plates, which contained 100
�g/ml ampicillin plus 7 �g/ml nalidixic acid (E. coli is sensitive to nalidixic acid
but B. abortus is not), and incubated at 37°C in 5% CO2. After 5 days, one colony
from the selection plate was chosen and inoculated into Brucella Broth (BB)
(DIFCO) medium and shaken at 160 rpm, 37°C overnight. Cells were harvested
and spread onto PIA plates containing 6% sucrose and incubated at 37°C in 5%
CO2. After 4 days, six individual colonies were selected and screened by PCR
analysis using primers Z-F and Z-R. A crystal violet test, as described by White
and Wilson (38), was performed to confirm that the �znuA mutant maintained
its smooth phenotype.

Complementation in trans of the �znuA mutation. To restore znuA activity, PCR
amplification fragments with primers Z-F and Z-R and vector pBBR1MCS2 (Kanr)
(25) were double digested with restriction enzymes HindIII and XbaI and ligated
to yield pBznuA, which was electroporated into E. coli S17-1. Transformants
were recovered on Luria-Bertani agar containing 10 �g/ml kanamycin. Plasmids
from these transformants were isolated (QIAprep Miniprep; QIAGEN Inc.,
Valencia, CA) and analyzed by agarose gel electrophoresis after restriction
digestion. B. abortus �znuA was electroporated with pBznuA. Transformants
were selected on PIA containing 10 �g/ml kanamycin.

Evaluation of B. abortus �znuA attenuation in RAW 264.7 macrophages. RAW
264.7 cells (American Type Culture Collection, Manassas, VA) were used to
assess �znuA mutant survival in macrophages compared to that of the B. abortus
wild-type 2308 strain, S19, and the complemented mutant, �znuA (pBznuA).
Infections were conducted in a fashion similar to that previously described (30).
Briefly, 1.25 � 106 cells/well in complete medium (CM; RPMI 1640, 10% fetal
bovine serum [Atlanta Biologicals, GA], 10 mM HEPES buffer, 10 mM nones-
sential amino acids, 10 mM sodium pyruvate) without antibiotics were allowed to
adhere to plastic in 24-well microtiter dishes (B-D Labware, Franklin, NJ) for 3 h
at 37°C. Wells were washed, and the nonadherent cells were collected and
counted to determine cell numbers that remained plastic adherent. After over-
night culture, cells were infected with varying bacteria-to-macrophage ratios (5:1,
10:1, and 20:1) for 1 h at 37°C. Wells were washed twice with CM without
antibiotics and then incubated with 50 �g/ml of gentamicin (Life Technolo-
gies) for 30 min at 37°C. After washing twice, as described above, fresh CM
without antibiotics (1.0 ml/well) was added, and cells were incubated for an
additional 4, 24, or 48 h.

Immunization and challenge of mice. All experiments with live brucellae were
performed in biosafety level 3 facilities. Female BALB/c mice (Frederick Cancer
Research Facility, National Cancer Institute, MD) were maintained at the Mon-
tana State University Animal Resource Center. All animals were maintained in
individually ventilated cages under HEPA-filtered barrier conditions of 12 h of
light and 12 h of darkness in the animal biosafety level 3 facility, and they were
provided with food and water ad libitum. Experiments were conducted with 7- to
9-week-old age-matched mice. All animal care and procedures were in accor-
dance with institutional policies for animal health and well-being.

Wild-type 2308, �znuA mutant, RB51, and S19 Brucella strains were grown
overnight in BB at 37°C. Cells were pelleted, washed twice in sterile phosphate-
buffered saline (PBS), and diluted to 1 � 108 cells/200 �l in sterile PBS. The
actual viable inoculum CFU was confirmed by serial dilution tests on PIA, and
0.2 ml of this suspension was administered to mice via intraperitoneal (i.p.)
injection. For challenge study, B. abortus 2308 was diluted in sterile PBS, in which
100 �l of bacterial suspension contained 5 � 104 CFU bacteria, and immunized
and naive mice were subsequently i.p. challenged. The challenge dose was con-
firmed by plating B. abortus on PIA.

Enumeration of brucellae in spleens. For the in vivo �znuA mutant coloniza-
tion studies, splenic CFU were assessed at 1, 4, and 8 weeks and compared to
those from in vivo colonization by RB51, S19, and 2308. Individual spleens were
removed and mechanically homogenized in 1 ml of sterile Milli-Q water. After
incubation for 3 to 5 days at 37°C in 5% CO2 on PIA, Brucella colonies were
enumerated and CFU per spleen were calculated.

Statistical analysis. The Student t test was used to evaluate differences be-
tween variations of in vitro and in vivo colonization by �znuA B. abortus, �znuA-
(pBzunA) B. abortus, strain 2303, RB51, or S19 at the 95% confidence interval.

RESULTS

Isolation of B. abortus 2308 znuA. Zn2� is an essential
element for some bacteria (32), and we hypothesized that a
defective Zn2� transport system may attenuate B. abortus.
At the time of these studies, the B. abortus 2308 znuA DNA
sequence had not been released, but the B. melitensis 16 M
genome sequence was published in 2002 (10). The 16 M
genome sequence was referred to for designing primers,
utilizing B. abortus strain 2308 as a template for PCR am-
plification with Z-F and Z-R primers (Fig. 1). The PCR
fragment was cloned into pUC18, and three positive clones
were chosen for sequencing analysis. DNA sequencing re-
sults showed that all three clones were identical and that
there were only two 1-bp differences from B. melitensis 16 M
and B. suis 1330 znuA. These two 1-bp differences repre-
sented two amino acid changes: I265 in B. melitensis and B.
suis became T265 in B. abortus, and S333 became P333 in B.
abortus. These results confirmed our hypothesis that it
would be possible to clone znuA from strain 2308 by using
the B. melitensis 16 M genome sequence and allowing for the
development of �znuA in a B. abortus mutant (Fig. 1).

B. abortus znuA mutant and its complementation in trans.
Out of six clones randomly selected from PIA supplemented
with 6% sucrose, one clone was confirmed as a positive in-
frame knockout mutant, as selected by PCR with primers Z-F
and Z-R, and subsequently was confirmed by sequencing. A
933-bp inner DNA fragment of znuA was deleted from B.
abortus 2308 genome chromosome II, and only 78 bp of this
gene sequence remained.

To verify that �znuA attenuation was due to gene replace-
ment and not to a secondary mutation, we complemented the
B. abortus �znuA mutant with pBznuA plasmid. pBznuA was
constructed by PCR amplification of the wild-type B. abortus
znuA gene with primers Z-F and Z-R, including 164 bp up-
stream and 126 bp downstream of the coding sequence. The
1,277-bp amplification product was cloned into vector
pBBR1MCS2 (25) and transferred into B. abortus �znuA mu-
tant for complementation analysis.

FIG. 1. Schematic representation of the B. melitensis 16 M chro-
mosome II region around znuA (10) used for B. abortus 2308 mutant
construction. The orientation of the different genes is indicated by
large arrows. The orientations of the different primers used in this
study are indicated by small arrows. The position of in-frame deletion
of a 933-bp znuA inner DNA fragment from B. abortus 2308 during the
construction of the znuA mutant by allelic replacement is indicated.

VOL. 74, 2006 �znuA BRUCELLA ABORTUS IS PROTECTIVE 3875



znuA is required for B. abortus growth in low-Zn2� medium.
�znuA mutations in E. coli (31), H. ducreyi (27), N. gonorrhoeae
(8), P. multocida (15), and Synechocystis sp. strain 6803 (4)
have been shown to be defective in growth medium lacking
Zn2�. For comparison, we investigated the growth of B. abor-
tus �znuA in different concentrations of Zn2� in Gerhardt’s
minimal medium (GMM). Without Zn2�, B. abortus �znuA
showed no growth, while wild-type 2308 and �znuA(pBznuA)
grew to similar concentrations. With increasing Zn2� concen-
trations, the B. abortus �znuA mutant recovered growth that
approached that of wild-type strain 2308 and recombinant
strain B. abortus �znuA(pBzunA) (Fig. 2A). Further testing
showed that 200 �M Zn2� is required for optimal growth of B.
abortus �znuA (Fig. 2B). These data suggest that znuA is re-
quired for normal growth in low-Zn2� medium.

�znuA mutant’s growth is arrested in RAW 264.7 macro-
phages. To further assess the �znuA mutant’s attenuation,
RAW 264.7 macrophages were infected with �znuA mutant
and compared to other B. abortus strains to determine their
ability to replicate in macrophages. Three ratios of bacteria to
macrophage were tested at three time points, 4, 24, and 48 h
(Fig. 3). At 0 h, there were no differences in the amount of
bacteria that infected the RAW 264.7 cells (Fig. 3). By 4 h
postinfection, the macrophages contained equivalent bacterial
loads, but by 24 h the znuA mutant’s growth was significantly
arrested compared to that of macrophages infected with wild-
type 2308, the �znuA(pBznuA) strain (P � 0.001), or the S19
strain (P � 0.005), and results were similar at 48 h. These
results show that the �znuA mutant has a limited capability of
replicating in RAW 264.7 macrophages compared to that of
virulent B. abortus or the vaccine S19 strain. In addition, these
results show enhanced attenuation in macrophages, as op-
posed to that reported using a transposon-induced mutant of
the znuA gene of B. abortus using bone marrow-derived mac-
rophages (22).

�znuA mutant is attenuated in BALB/c mice. To evaluate
�znuA mutant virulence in vivo, BALB/c mice were i.p. in-

FIG. 2. B. abortus 2308 �znuA is unable to grow in low-Zn2� liquid
GMM. (A) Optical densities at 600 nm (OD600) attained by wild-type
B. abortus 2308, the B. abortus �znuA mutant, and recombinant strain
B. abortus �znuA with znuA restored in trans, �znuA(pBznuA), at
120 h postinoculation of GMM containing 0, 50, or 200 �M Zn2�.
Values are the means of three independent experiments � standard
errors of the means; significant differences are compared to optical
densities obtained with wild-type B. abortus. **, P 	 0.01. (B) Growth
(OD600 at 120 h postinoculation) of B. abortus �znuA mutant in liquid
GMM supplemented with increasing Zn2� concentrations. Values are
the means of three independent experiments � standard errors of the
means, and significant differences are compared to the results for the
200 �M dose of Zn2�. **, P 	 0.01. wt, wild type.

FIG. 3. Growth of the B. abortus �znuA mutant is attenuated in RAW 264.7 macrophages. Wild-type strain 2308, live S19 vaccine, B. abortus
�znuA mutant, and the B. abortus recombinant strain �znuA(pBznuA) were used to infect RAW 264.7 macrophages at a bacteria-to-macrophage
ratio of (A) 5:1, (B) 10:1, or (C) 20:1. After 1 h of incubation followed by 30 min of treatment with gentamicin, infected RAW 264.7 cells were
incubated in fresh medium for 0, 4, 24, or 48 h. Infected macrophages were water lysed, and supernatants were diluted for CFU enumeration. The
level of initial infection was the same for all B. abortus strains (time 	 0 h). The results show that the �znuA mutant was unable to achieve the
level of colonization reached by the wild type, �znuA(pBznuA), or S19. Values are the means of two independent experiments � standard errors
of the means. Differences in macrophage colonization by strain 2308 or �znuA(pBznuA) versus �znuA mutant or S19 are indicated (*, P 
 0.001);
differences in macrophage colonization by S19 versus the �znuA mutant are also indicated (¶, P 
 0.001; ¶¶, P � 0.005).
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fected with 1 � 108 CFU of B. abortus �znuA, wild-type 2308,
the smooth vaccine strain S19, or the rough vaccine strain
RB51. Compared to wild-type strain 2308, splenic CFU in B.
abortus �znuA-dosed mice were significantly decreased (P 

0.001) at weeks 1, 4, and 8. Importantly, by week 8, in three of
the five B. abortus �znuA-dosed mice, splenic CFU could not
be detected (Fig. 4). These results show that the �znuA strain
is attenuated. In addition, in this study RB51 was cleared by
week 4, which is consistent with what has been previously
shown (21, 35). While an in vivo splenic colonization study has
been previously reported (22), no kinetic study was described
using the transposon-induced znuA mutant.

B. abortus �znuA confers protection to BALB/c mice. Due to
decreased virulence, the �znuA mutant strain is a potential live
vaccine candidate, and past works have not tested its potential
efficacy (22). To assess its protective efficacy, four groups of
BALB/c mice were immunized i.p. with 1 � 108 CFU of B.
abortus �znuA, RB51, or S19 or with sterile PBS. This immu-
nization dose was similar to what others have used to deter-
mine protective efficacy (21, 29, 37) for rough Brucella mutants,
due to their rapid clearance in animal hosts. Since our �znuA
mutant is also highly attenuated in mice (Fig. 4), although
bearing a smooth phenotype, we elected to use a high dose for
immunization to reflect what may be used in livestock. Eight
weeks postimmunization, mice were i.p. challenged with wild-
type strain 2308. Four weeks postchallenge, mice vaccinated
with B. abortus �znuA showed significantly fewer splenic CFU
than mice given PBS. B. abortus znuA was as protective as
RB51 and S19 vaccines (Fig. 5A).

We showed that the �znuA mutant was mostly cleared by 8
weeks postinfection. To verify if any �znuA mutant remained
after the strain 2308 challenge that may confound the splenic
CFU determinations, �znuA mutant-immunized BALB/c mice
were evaluated by PCR 4 weeks after wild-type 2308 challenge
(12 weeks after immunization). Spleens were removed, and the
homogenized tissues were spread onto PIA plates for selecting

individual bacterial colonies. Fifty colonies were randomly
chosen from PIA plates and mixed together to extract genomic
DNA, which was used as a template for PCR amplification.
The primers used were Z-F and Z-R. A 1,277-bp DNA frag-
ment was expected to be amplified for the wild-type strain, and
344 bp (1,277 bp minus 933 bp) was expected to be amplified
for the �znuA mutant strain. Wild-type 2308 genomic DNA
was used as positive control I, and 2308 genomic DNA from 49
mixed colonies plus 1 colony from �znuA mutant genomic
DNA was used as positive control II. None of the isolates from
�znuA mutant-immunized and challenged mice showed a de-
tectable 344-bp fragment following PCR, despite the experi-
ments being repeated five times per mouse (Fig. 5B). These
results confirmed that the splenic CFU detected 4 weeks post-
challenge were all wild type, and none were from the �znuA
mutant.

DISCUSSION

As with E. coli, Haemophilus spp., N. gonorrhoeae, P. multo-
cida, and Synechocystis sp. strain 6803, znuA is also required
by B. abortus for growth in low-Zn2� medium. These observa-
tions suggest that znuA proteins from these bacteria share a
similar function, i.e., providing the capacity to grow in a low-
Zn2� environment. The earliest report on znuA virulence was
regarding H. ducreyi (27). Subsequently, it was demonstrated
that znuA and znuBC transcriptional units in P. multocida are
required for virulence in the mouse model (15). As shown in
this present study, our znuA mutant’s growth depends on en-
vironmental Zn2� concentration, and its growth is compro-
mised when it is cultured under no or little Zn2�. Similar
results were obtained when Zn2� was chelated from the
growth medium for the transposon-induced mutant (22). In
addition, we assessed the potential of using the �znuA mutant
as a live vaccine. Since site-directed mutagenesis was done, no
antibiotic selection was used to develop this vaccine strain, and
our mutation was limited solely to the znuA gene. Thus, the
strain described in our study is different from the previously
described znuA mutant (22), in which a polar mutation was
produced by the insertion of a kanamycin resistance gene into
the znuA gene. Because of this approach, downstream gene
expression was affected, unlike the results of our approach, in
which an in-frame disruption was used to limit the effects to a
single gene, znuA.

A successful infection involves Brucella survival in the
phagosomes of macrophages (18, 28). However, in phago-
somes the low pH, limited nutrition, and O2 tension adds more
pressure for bacterial survival (13, 17, 20, 23, 24). Thus, to
counteract this inhospitable environment, bacteria develop a
number of survival mechanisms. One strategy involves the znu-
ABC operon for high-affinity binding of Zn2� to allow survival
where Zn2� levels are limiting. This requirement for zinc is
evident by serving as a cofactor for the Cu,Zn superoxide
dismutase (sodC gene) and enabling Brucella to resist oxi-
dation by the host phagosome (16). In addition, Zn2� is an
essential structural or catalytic cofactor for many enzymes,
and losing its ability to acquire the limited Zn2� levels from
phagosomes would inhibit the activity of enzymes such as
alkaline phosphatase, RNA polymerase, aspartate transcar-

FIG. 4. B. abortus �znuA is effectively cleared by 8 weeks after
infection. BALB/c mice (5 mice/group/time point) were i.p. dosed with
1 � 108 CFU of wild-type B. abortus 2308, B. abortus �znuA mutant,
and RB51 or S19 vaccine. At weeks 1, 4, and 8, individual spleens were
assessed for colonization. Values are the means of individual
mice � standard errors of the means, and differences in coloniza-
tion were determined in comparison to results for the wild-type
2308 strain. *, P 
 0.001; **, P 	 0.003. Wk, week.
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bamylase, FtsH (Zn2�-dependent protease), and zinc finger
proteins (31).

Because of this importance of Zn2�, we sought the devel-
opment of the �znuA mutant for B. abortus. As a result, we
observed diminished splenic CFU displayed by the B. abortus
�znuA mutant in BALB/c mice and in RAW 264.7 macro-
phages. Although dosages of the mutant were different from
those in a previous study (22), it was apparent that our mutant
was eventually cleared within 8 weeks. Moreover, the clearance
of our �znuA mutant from RAW 264.7 macrophages was an
order of magnitude greater than that observed with the polar
�znuA mutant (22). Such development of a vaccine exhibiting
less virulence but higher protective efficacy is desired. As such,
the B. abortus pgm mutant also showed low virulence, but its
protective efficacy was only as good as that of S19 (36). The
advantage of this mutant, like RB51, is its lack of the lipopoly-
saccharide O side chain, which enables us to distinguish wild-
type Brucella-infected animals from those that have been vac-
cinated.

Our findings show that the znuA mutant may be another
suitable live vaccine candidate for B. abortus, because of its low
virulence in BALB/c mice while maintaining a protective effi-

cacy similar to that of RB51 and S19 vaccine strains. Further
testing in livestock will determine whether the B. abortus
�znuA mutant will be a promising live vaccine candidate, since
it is proposed that some immunity to lipopolysaccharide is
desirable for stimulating optimal immunity in livestock. Cur-
rent studies are evaluating whether additional mutations will
enhance the �znuA mutant’s efficacy and determining how to
distinguish vaccinated from naturally infected animals.
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