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ABSTRACT

Riemerella anatipestifer is a major bacterial pathogen that causes septicemic and exudative diseases in domestic ducks. In our
previous study, we found that deletion of the AS87_01735 gene significantly decreased the bacterial virulence of R. anatipestifer
strain Yb2 (mutant RA625). The AS87_01735 gene was predicted to encode a nicotinamidase (PncA), a key enzyme that catalyzes
the conversion of nicotinamide to nicotinic acid, which is an important reaction in the NAD™ salvage pathway. In this study, the
AS87_01735 gene was expressed and identified as the PncA-encoding gene, using an enzymatic assay. Western blot analysis dem-
onstrated that R. anatipestifer PncA was localized to the cytoplasm. The mutant strain RA625 (named Yb2ApncA in this study)
showed a similar growth rate but decreased NAD* quantities in both the exponential and stationary phases in tryptic soy broth
culture, compared with the wild-type strain Yb2. In addition, Yb2ApncA-infected ducks showed much lower bacterial loads in
their blood, and no visible histological changes were observed in the heart, liver, and spleen. Furthermore, Yb2ApncA immuni-
zation of ducks conferred effective protection against challenge with the virulent wild-type strain Yb2. Our results suggest that
the R. anatipestifer AS87_01735 gene encodes PncA, which is an important virulence factor, and that the Yb2ApncA mutant can
be used as a novel live vaccine candidate.

IMPORTANCE
Riemerella anatipestifer is reported worldwide as a cause of septicemic and exudative diseases of domestic ducks. The pncA gene
encodes a nicotinamidase (PncA), a key enzyme that catalyzes the conversion of nicotinamide to nicotinic acid, which is an im-

portant reaction in the NAD™ salvage pathway. In this study, we identified and characterized the pncA-homologous gene
AS87_01735 in R. anatipestifer strain Yb2. R. anatipestifer PncA is a cytoplasmic protein that possesses similar PncA activity,
compared with other organisms. Generation of the pncA mutant Yb2ApncA led to a decrease in the NAD* content, which was
associated with decreased capacity for invasion and attenuated virulence in ducks. Furthermore, Yb2ApncA immunization of
ducks conferred effective protection against challenge with the virulent wild-type strain Yb2. Altogether, these results suggest
that PncA contributes to the virulence of R. anatipestifer and that the Yb2ApncA mutant can be used as a novel live vaccine can-

didate.

Riemerella anatipestifer is a causative agent of an epizootic dis-
ease in poultry, especially in ducks (1). R. anatipestifer infec-
tion has a worldwide distribution, and it occurs as acute or chronic
septicemia characterized by fibrinous pericarditis, airsacculitis,
perihepatitis, caseous salpingitis, and vegetative disorder. To date,
21 serotypes have been identified by agglutination tests (2, 3), and
serotypes 1, 2, and 10 have been responsible for most of the major
outbreaks in China (4). There are large variations in virulence
among different serotypes of R. anatipestifer, and even within a
given serotype (5). Because R. anatipestifer is of major economic
significance to the poultry industry, there has been much research
regarding the molecular pathogenic mechanisms of this species.
To date, several virulence factors have been identified, including
VapD (6), cohemolysin of Actinobacillus pleuropneumoniae (7),
OmpA (8), and putative genes associated with lipopolysaccharide
synthesis (9-11).

We previously reported the identification of 49 virulence-as-
sociated genes via random transposon mutagenesis (12). Trans-
poson Tn4351 disrupted the AS87_01735 gene, which encodes a
predicted nicotinamidase (PncA), a key enzyme that catalyzes the
conversion of nicotinamide (NAM) to nicotinic acid (NA) (an
important reaction in the NAD™ salvage pathway). The disrup-
tion of AS87_01735 resulted in a 488,000-fold attenuation of vir-
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ulence, compared with the wild-type strain. PncA, also known as
nicotinamidase, nicotinamide deaminase, or nicotinamide ami-
dase, hydrolyzes NAM to NA for the production of NAD via the
Preiss-Handler pathway. NAD is a coenzyme that is found in all
living cells, and it has several essential roles in metabolism. It can
be synthesized either via a de novo pathway from amino acids or
via salvage pathways that use NAM, NA, or nicotinamide riboside
(NR) as precursors (13). In lower organisms, including bacteria
and yeast, NAM is converted to NA by PncA. Recent studies have
indicated the importance of PncA activity in the interactions be-
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TABLE 1 Strains, plasmids, and primers used in this study

Strain, plasmid, or primer Characteristics® Source or reference
Strains and plasmids
Yb2 Riemerella anatipestifer serotype 2 strain 4
Escherichia coli S17-1 Npir hsdR pro thi; chromosomally integrated RP4-2, Tc:Mu Km::Tn7 18
RA625 Tn4351 insertion mutant of R. anatipestifer Yb2, pncA::Tn 12
cYb2ApncA Mutant RA625 carrying plasmid pCP29-pncA This study
pCP29 ColEl ori (pCP1 ori), Ap" (Em"); E. coli-F. johnsoniae shuttle plasmid 18
pCP29-pncA pCP29 containing ompA promoter and pncA ORF, cfxA (Ap") This study
Primers
ompA promoter P1 5'-CAGGTACCATAGCTAAAATTTTGGCAGTAAC-3" (Kpnl site underlined) 18
ompA promoter P2 5'-CGACTCGAGCATTCCAATTCTCTTATTATC-3' (Xhol site underlined) 18
pncAorf-F 5'-CCGCTCGAGATGAAAAAAGCACTTATCGTGG-3' (Xhol site underlined) This study
pncAorf-R 5'-CATGCATGCTTAACCTAAAATGGTAACACCA-3" (Sphl site underlined) This study
PncA-F 5'-CGGGATCCATGAAAAAAGCACTTATCGTGGT-3" (BamHI site underlined) This study
PncA-R 5'-CCCAAGCTTACCTAAAATGGTAACACCATTT-3" (HindIlI site underlined) This study

% OREF, open reading frame; cfxA, cefoxitin resistance gene.

tween pathogens and their hosts, as it affects intracellular replica-
tion and pathogen dissemination (14-16). In addition, Leishma-
nia infantum PncA is essential for NAD ™ production and parasite
proliferation (17).

To our knowledge, no studies have yet elucidated the impor-
tance of PncA activity in R. anatipestifer. This study describes the
expression and identification of the predicted R. anatipestifer
PncA-encoding gene, AS87_01735, as well as the virulence and
immunization protection of an AS87_ 01735 gene deletion mu-
tant.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. The plasmids and
primers used in this study are presented in Table 1. R. anatipestifer Yb2
(GenBank accession no. CP007204) is the wild-type virulent strain; the
mutant strain RA625 (named Yb2ApncA in this study), which was derived
from that strain, has a Tn4351 transposon inserted into the AS87_01735
gene (12). All R. anatipestifer strains were maintained as frozen glycerol
stocks, and they were cultured in tryptic soy agar (TSA) (BD Difco, Frank-
lin Lakes, NJ, USA) at 37°C in 5% CO, for 24 h or in tryptic soy broth
(TSB) (BD Difco) at 37°C for 8 to 12 h, with shaking at 200 rpm. The
Escherichia coli-Flavobacterium johnsoniae shuttle plasmid pCP29 and E.
coli strain S17-1 were kindly provided by Mark J. McBride (University of
Wisconsin-Milwaukee, Milwaukee, WI, USA). E. coli strains were cul-
tured on Luria-Bertani (LB) plates at 37°C for 12 to 16 h or in LB broth at
37°C for 6 to 8 h, with shaking at 200 rpm. When necessary, antibiotics
were added to the medium at the following concentrations: ampicillin at
100 pg/ml for E. coli strain S17-1, kanamycin at 50 wg/ml for E. coli strain
BL21(DE3), kanamycin at 50 pg/ml and erythromycin at 0.5 pg/ml for
the mutant strain Yb2ApncA, and kanamycin at 50 pg/ml and cefoxitin at
5 pg/ml for the complemented strain cYb2ApncA.

Complementation was accomplished using the shuttle plasmid
pCP29, which contains an expression cassette with the R. anatipestifer
ompA promoter (18). The pncA open reading frame was amplified from
the wild-type strain Yb2 by using the primers pncAorf-F and pncAorf-R.
It was then digested with XhoI and Sphl and cloned into pCP29 to gener-
ate plasmid pCP29-pncA. Expression of the pncA gene was under the
control of the ompA promoter, as described previously (18). The recom-
binant plasmid pCP29-pncA was then conjugated into the mutant strain
Yb2ApncA. Transconjugants were screened on TSA supplemented with
cefoxitin and kanamycin and were verified by PCR amplification. The
complemented strain was designated cYb2ApncA.

Ethics. One-day-old Cherry Valley ducklings were purchased from
Zhuanghang Duck Farm (Shanghai, China) and housed at our animal
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facilities. Animal handling was conducted according to the standards
specified by the Institutional Animal Care and Use Committee of the
Shanghai Veterinary Research Institute, Chinese Academy of Agricultural
Sciences (CAAS). The protocol was approved by the Committee on the
Ethics of Animal Experiments of the Shanghai Veterinary Research Insti-
tute, CAAS (permit no. Shvri-po-0145). When necessary, the ducklings
were euthanized humanely with sodium pentobarbital to minimize suf-
fering.

Expression and purification of recombinant predicted PncA pro-
tein. The open reading frame of the predicted pncA-encoding gene was
amplified from R. anatipestifer Yb2 genomic DNA and cloned into the
pET-28a(+) vector, using the BamHI and HindIII cloning sites, to con-
struct the recombinant plasmid pET-pncA. The insert of pET-pncA was
confirmed by DNA sequencing (12). Expression of histidine-tagged re-
combinant predicted PncA protein (rPncA) was induced in E. coli strain
BL21(DE3) cells by treatment with 1 mM isopropyl-(3-p-1-thiogalactopy-
ranoside (IPTG) for 6 h at 37°C, with shaking. Cells were harvested by
centrifugation at 10,000 X g for 5 min at 4°C, resuspended in lysis buffer
(20 mM Na,PO,, 0.5 M NaCl [pH 7.4]), lysed by sonication, and purified
using HisTrap affinity columns (GE Healthcare, Uppsala, Sweden), ac-
cording to the manufacturer’s protocol. The purified fractions were con-
firmed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). The protein concentrations were measured with a bicin-
choninic acid (BCA) protein assay kit (Beyotime, Shanghai, China), with
bovine serum albumin as a standard.

Enzymatic activity assay. PncA activity was measured as described
previously (19), with some modifications. Purified rPncA (1.0 pg/reac-
tion) was incubated with 32 mM NAM for 45 min at 37°C, in a total
volume of 400 pl containing final concentrations of 10 mM Tris (pH 7.5),
150 mM NaCl, and 1 mM MgCl,. The reaction system without the addi-
tion of NAM was used as a control. The ammonia produced from the
catalytic hydrolysis of NAM by rPncA was determined with an ammonia
diagnostic kit (Megazyme, Wicklow, Ireland). A correction for baseline
production of ammonia was made by subtracting the ammonia produced
by rPncA incubated without the NAM substrate. One unit of activity was
defined as the amount of enzyme that converted 1 pwmol substrate/min.
The specific activity was expressed as units per milligram of protein.

Immunoblot analysis. Two New Zealand rabbits were injected sub-
cutaneously with 1 mg of purified rPncA or the TonB-dependent receptor
from R. anatipestifer, in Montanide ISA 50 V (SEPPIC, Paris, France)
adjuvant, to develop rabbit antiserum against rPncA or the TonB-depen-
dent receptor. The injections were administered three times, at 3-week
intervals. Blood samples were collected before injection and 2 weeks after
the third injection, and antibody titers against rPncA and the TonB-de-
pendent receptor in the sera were determined with an enzyme-linked
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immunosorbent assay. Qualified antiserum was used for Western blot
analysis.

Subcellular fractions (cytosolic and membrane fractions) of the wild-
type strain Yb2 were obtained using a bacterial membrane protein extrac-
tion kit (BestBio, Shanghai, China), according to the manufacturer’s pro-
tocol. Proteins were quantified with a BCA protein assay kit (Beyotime).
For Western blot analysis, the proteins were separated by SDS-PAGE and
then transferred onto polyvinylidene fluoride (PVDF) membranes (Mil-
lipore, Billerica, MA, USA). The membranes were blocked for 2 h at 37°C
in phosphate-buffered saline (PBS) containing 5% nonfat milk, washed
with PBS containing 0.05% Tween 20, and then incubated for 2 h with the
rabbit anti-rPncA polyclonal antibody, followed by incubation for 1 h
with an IRDye 800CW-conjugated donkey anti-rabbit IgG polyclonal an-
tibody (LI-COR Biosciences, Lincoln, NE, USA). The blots were visual-
ized with an Odyssey two-color infrared imaging system (LI-COR Biosci-
ences).

To determine PncA expression in the complemented strain
cYb2ApncA, whole-protein extracts of the wild-type strain Yb2 (positive
control), the mutant strain Yb2ApncA (negative control), and the com-
plemented strain cYb2ApncA were separated by SDS-PAGE and electro-
transferred to a PVDF membrane. Immunoblots were probed with the
rabbit anti-rPncA polyclonal antibody and a donkey anti-rabbit IgG poly-
clonal antibody conjugated to IRDye 800CW (LI-COR Biosciences), as
described above. The rabbit anti-TonB-dependent receptor antibody was
used to control for protein loading.

Quantification of intracellular NAD™' concentrations. Cellular
NAD™ was extracted for quantification from the wild-type strain Yb2, the
mutant strain Yb2ApncA, and the complemented strain cYb2ApncA, as
described in the manufacturer’s protocol (BioAssay Systems, Hayward,
CA, USA). Briefly, bacteria were grown in TSB at 37°C for 6, 9, and 12 h,
with shaking. Each culture sample (1 ml) was centrifuged, washed with
cold PBS, and treated with 100 pl of NAD ™ extraction buffer. After incu-
bation at 60°C for 5 min, the samples were cooled on ice and then 20 pl of
assay buffer and 100 wl of NADH extraction buffer were added to neu-
tralize the extracts. Following centrifugation at 16,000 X g for 5 min, the
supernatants were collected to quantify the NAD™ concentrations using
an EnzyChrom NAD */NADH assay kit (BioAssay Systems).

Bacterial adherence and invasion assays. Vero cells (ATCC CCL-81)
were used to evaluate the effects of the R. anatipestifer pncA gene on bac-
terial adherence and invasion (9). The cells were grown at 37°C in 5% CO,
in Dulbecco’s modified Eagle’s medium (HyClone; GE Healthcare, Little
Chalfont, United Kingdom) containing 10% fetal bovine serum (Gibco;
Thermo Fisher Scientific, Waltham, MA, USA) and were seeded (10° cells
per well) into 24-well tissue culture plates for 20 h prior to infection. Cells
were infected with bacteria, at a multiplicity of infection of 50, by centrif-
ugation at 100 X g for 5 min at room temperature. The infected cells were
incubated for 1.5 h at 37°C in 5% CO,, washed three times with sterile
PBS, and lysed with 0.1% trypsin (100 wl/well). Serial dilutions of the
cell suspensions were plated onto TSA plates to determine the number
of viable bacterial cells. For the invasion assay, the cell culture, bacte-
rial infection, and plating procedures were performed as described
above for the bacterial adherence assay, except that extracellular bac-
teria were killed with 100 pg/ml gentamicin, which was added to the
medium for an additional 1 h after the bacterial infection, followed by
three washes with PBS.

Bacterial growth curves and virulence determination. The wild-type
strain Yb2, the mutant strain Yb2ApncA, and the complemented strain
cYb2ApncA were grown in TSB at 37°C for 8 h, with shaking. Equal
amounts of each bacterial culture were then transferred into fresh TSB at
aratio of 1:100 (vol/vol) and incubated at 37°C, with shaking at 200 rpm.
Bacterial growth was measured as described previously (33), by counting
the number of bacterial CFU at 3-h intervals for 15 h.

The 50% lethal dose (LDs,) for the mutant strain Yb2ApncA was mea-
sured as described in our previous study (12). To further assess whether R.
anatipestifer pncA is involved in systemic invasion and dissemination,
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experimental infection of Cherry Valley ducks was performed. Eighteen
21-day-old ducks were divided randomly into three groups (six ducks per
group) and infected with 107 CFU (in 0.5 ml of PBS) of the wild-type
strain Yb2, the mutant strain Yb2ApncA, or the complemented strain
cYb2ApncA. Blood samples were collected at 6, 12, 24, and 48 h postin-
fection (hpi), serially diluted with PBS, and plated on TSA plates for
counting of viable bacterial numbers.

For histological examination, ducks from each group were sacrificed
at 48 hpi and heart, liver, and spleen samples were collected. Tissues were
fixed in formalin, sectioned, and stained with hematoxylin and eosin, as
described previously (20). Samples from ducks that were not infected
were used as pathogen-negative controls.

Vaccination and challenge studies. Seven-day-old Cherry Valley
ducks were divided randomly into four groups (10 ducks per group). Each
duck in group 1 or group 3 received one injection of the mutant strain
Yb2ApncA (group 1) or two injections of the mutant strain Yb2ApncA
(group 3), ata dose of 2.5 X 10°® CFU. The ducks in group 2 received one
injection of saline, and those in group 4 received two injections of saline;
they were used as the controls. The two injections were given 7 days apart.
On day 14 postimmunization, the ducks in each group were challenged
with 10° CFU (10 times the LD5,) of the wild-type virulent strain Yb2, to
evaluate the level of protection conferred by the Yb2ApncA mutant. The
protection rate was calculated using the following formula: [1 — (no. of
dead ducklings per group/total no. of ducklings per group)] X100.

Statistical analyses. Statistical analyses were performed by one-way
analysis of variance using Prism software (version 6; GraphPad Software,
Inc., San Diego, CA, USA), and P values of <0.05 were considered to be
significant.

RESULTS

R. anatipestifer AS87_01735 encodes a protein with nicotinami-
dase activity. Sequencing and Basic Local Alignment Search
Tool (BLAST) analysis revealed that the Tn4351 insertion in
strain Yb2ApncA was located at bp 184 of the AS87_01735 gene,
which was identified in our previous study (12). The
AS87_01735 gene is 606 nucleotides in length, and it encodes a
predicted 201-amino acid nicotinamidase, PncA. A similarity
search of nucleotide databases at the National Center for Bio-
technology Information using the BLAST program showed
that the AS87_01735 gene is highly conserved in R. anatipestifer,
as it shares 99% identity with R. anatipestifer strain 153 (GenBank
accession no. CP007504.1), R. anatipestifer strain 17 (GenBank
accession no. CP007503.1), RA-CH-2 (GenBank accession no.
CP004020.1), ATCC 11845 (GenBank accession no. CP003388.1),
RA-GD (GenBank accession no. CP002562.1), CH3 (GenBank
accession no. CP006649.1), and RA-CH-1 (GenBank accession
no. CP003787.1). The predicted protein encoded by AS87_01735
shares sequence identity with putative nicotinamidases from
other bacteria, including Chryseobacterium sp. FH2 (GenBank ac-
cession no. WP_048510700.1) (80% identity), Flavobacteriaceae
bacterium 3519-10 (GenBank accession no. WP_015806149.1)
(78% identity), Elizabethkingia (GenBank accession no.
WP_021346903.1) (74% identity), Epilithonimonas lactis
(GenBank accession no. WP_034978491.1) (75% identity), and
Bergeyella zoohelcum (GenBank accession no. WP_034986151.1)
(68% identity). A sequence alignment indicated that PncA shared
22.6% to 45.5% sequence identity with crystallized nicotinami-
dases from other organisms, including Mycobacterium tuberculosis
(PDB accession no. 3PL1 [36.3% identity]), Streptococcus pneu-
moniae (PDB accession no. 3094 [22.6% identity]), Acinetobacter
baumannii (PDB accession no. 2WTA [45.5% identity] and PDB
accession no. 2WT9 [45.5%]), Pyrococcus horikoshii (PDB acces-

aem.asm.org 5817


http://www.ncbi.nlm.nih.gov/nucleotide/CP007504.1
http://www.ncbi.nlm.nih.gov/nucleotide/CP007503.1
http://www.ncbi.nlm.nih.gov/nucleotide/CP004020.1
http://www.ncbi.nlm.nih.gov/nucleotide/CP003388.1
http://www.ncbi.nlm.nih.gov/nucleotide/CP002562.1
http://www.ncbi.nlm.nih.gov/nucleotide/CP006649.1
http://www.ncbi.nlm.nih.gov/nucleotide/CP003787.1
http://www.ncbi.nlm.nih.gov/nucleotide/WP_048510700.1
http://www.ncbi.nlm.nih.gov/nucleotide/WP_015806149.1
http://www.ncbi.nlm.nih.gov/nucleotide/WP_021346903.1
http://www.ncbi.nlm.nih.gov/nucleotide/WP_034978491.1
http://www.ncbi.nlm.nih.gov/nucleotide/WP_034986151.1
http://www.rcsb.org/pdb/explore/explore.do?structureId=3PL1
http://www.rcsb.org/pdb/explore/explore.do?structureId=3O94
http://www.rcsb.org/pdb/explore/explore.do?structureId=2WTA
http://www.rcsb.org/pdb/explore/explore.do?structureId=2WT9
http://aem.asm.org

Wang et al.

A
kDa M

1 2 3
—
15 | .-
FIG 1 Expression and identification of R. anatipestifer PncA. (A) SDS-PAGE
analysis of rPncA. Lane M, molecular weight markers; lane 1, negative control,
i.e., E. coli BL21(DE3) transformed with pET-28a(+), with IPTG induction;
lane 2, supernatant from E. coli BL21(DE3) transformed with pET-pncA, with
IPTG induction; lane 3, purified rPncA. (B) Western blot profile. Lane 1,
negative control, i.e., E. coli BL21(DE3) transformed with pET-28a(+), with
IPTG induction; lane 2, E. coli BL21(DE3) transformed with pET-pncA, with
IPTG induction. (C) Identification of the complemented strain cYb2ApncA by
Western blot analysis. A second antibody against the TonB-dependent recep-
tor of R. anatipestifer was used to control for protein loading. Lane 1, whole-
cell proteins from the wild-type strain Yb2; lane 2, whole-cell proteins from the
mutant strain Yb2ApncA; lane 3, whole-cell proteins from the complemented

strain cYb2ApncA; lane 4, positive control, i.e., supernatant from E. coli
BL21(DE3) transformed with pET-pncA, with IPTG induction.

sion no. 1ILW [41.6%]), Saccharomyces cerevisiae (PDB accession
no.2HOR [36.4%]), and Leishmania infantum (PDB accession no.
3R2] [35.5%]) (see Fig. SIA in the supplemental material). In
addition, the sequence alignment demonstrated that the R. anati-
pestifer PncA protein harbored the catalytic residues (D9, K108,

PncA

and C153), metal binding sites (D49, H51, and H83), and con-
served cis-peptide bond (involving L148 and A149) that are re-
quired for nicotinamidase activity (see Fig. S1B).

Histidine-tagged rPncA was efficiently expressed in E. coli
BL21(DE3), as shown by the presence of a 25-kDa band in a Coo-
massie blue-stained SDS-PAGE gel (Fig. 1A, lane 2). After purifi-
cation with HisTrap affinity columns, rPncA was identified as a
single band in the gel (Fig. 1A, lane 3). Western blotting showed a
25-kDa band when rPncA was expressed in E. coli BL21(DE3)
(Fig. 1B, lane 2), further indicating that rPncA was expressed suc-
cessfully in E. coli BL21(DE3). The complemented strain
cYb2ApncA was identified by Western blot analysis using an anti-
body against the TonB-dependent receptor of R. anatipestifer, as a
control for protein loading (Fig. 1C, lane 3). The enzymatic activ-
ity of purified rPncA was assayed by quantifying the release of
ammonia from the conversion of NAM to NA (Fig. 2A). The am-
monia released from the rPncA-catalyzed reaction was deter-
mined by monitoring the decrease in absorbance at 340 nm asso-
ciated with the oxidation of NADPH to NADP™ by glutamate
dehydrogenase, which produces L-glutamic acid from 2-oxoglu-
tarate (Fig. 2A). As shown in Fig. 2B, the rPncA-catalyzed reaction
released a level of ammonia similar to that of the ammonia stan-
dard solution, leading to the conversion of NADPH to NADP*,
whereas the reaction buffer without NAM (negative control) or a
blank control exhibited no change in ammonia release. The enzy-
matic activity (mean * standard deviation) of purified rPncA was
54.15 = 7.93 U/mg protein, based on the absorbance at 340 nm.
These results indicate that rPncA has high catalytic activity in
vitro.

Plasmid pCP29-pncA, which carries the AS87_01735 gene un-

A
Nicotinamide + H,O T' Nicotinic acid

NH,*

\

2-Oxoglutarate >
/GIDh

L-glutamic acid + H,O

NADPH NADP*
B 1.6

1.4 -0~ Blank
g -& rPncA/0 mM NAM
3 121 - PncA/32 mM NAM
2 1.04 -+ Ammonia standard solution
s 1.
Q
O 0.8

0.6

6 é :1- é é 1l0 1I2 1I4 1I6 1I8 2I0

Time [min]

FIG 2 Enzymatic activity of R. anatipestifer rPncA. (A) Schematic of the coupled assay for measurement of the enzyme kinetics of rPncA. GIDH, glutamate
dehydrogenase. (B) Assay results. One microgram of purified rPncA was added to reaction buffer to measure the enzyme kinetics. The optical density at 340 nm
(ODs,,) decreased similarly with time for the rPncA reaction product and the ammonia standard solution, whereas no change was observed for the reaction

buffer without NAM. Distilled water was used as the blank control.
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FIG 3 Immunoblot analysis of the subcellular location of PncA in R. anatip-
estifer. An antibody against the TonB-dependent receptor of R. anatipestifer
was used to control for protein loading and membrane localization. Lane M,
molecular size markers; lane 1, whole-cell proteins from R. anatipestifer strain
Yb2; lane 2, membrane fraction from R. anatipestifer strain Yb2; lane 3, cyto-
plasmic fraction from R. anatipestifer strain Yb2.

der the control of the R. anatipestifer ompA promoter, was trans-
formed into the Yb2ApncA mutant strain for complementation,
and PncA expression was determined. Whole-cell proteins of the
wild-type strain Yb2, the mutant strain Yb2ApncA, and the com-
plemented strain cYb2ApncA were transferred to a PVDF mem-
brane and incubated with anti-PncA serum for Western blot anal-
ysis. The cYb2ApncA and Yb2 strains showed a positive band at 23
kDa, indicating that PncA is encoded by the AS87_01735 gene and
that it was expressed in the cYb2ApncA strain (Fig. 1C). Based on
the results described above, the AS87_01735 gene was designated
pncA.

Localization of PncA in R. anatipestifer. Anti-PncA poly-
clonal antibodies generated against rPncA specifically recognized
a 23-kDa protein in whole-protein extracts of the wild-type strain
Yb2, which is consistent with the estimated size of the protein (Fig.
3, lane 1). To determine the subcellular location of PncA in R.
anatipestifer, the cytoplasmic and membrane fractions were ex-
tracted and analyzed by Western blotting. A single 23-kDa band
corresponding to PncA was detected in the purified cytoplasm
(Fig. 3, lane 3), indicating that PncA was expressed in the cyto-
plasm of R. anatipestifer.

The intracellular NAD™ concentration is lower in the R.
anatipestifer mutant strain Yb2ApncA. Given the central posi-
tion of PncA in the bacterial NAD * salvage pathway, the intracel-
lular NAD™ concentrations in the wild-type and mutant strains
were measured. In both the exponential and stationary growth
phases, the intracellular NAD™ concentrations in the mutant
strain Yb2ApncA were 2-fold lower than those in the wild-type
strain Yb2 (Table 2). For exponential-phase cultures grown in
TSB, the intracellular NAD™ concentrations in the mutant strain
Yb2ApncA and the complemented strain cYb2ApncA were com-
parable; in the stationary phase, however, the Yb2ApncA strain
contained 2-fold less NAD* than the cYb2ApncA strain. Thus, in
the complemented strain, plasmid pCP29-pncA restored NAD™
concentrations to wild-type levels in both growth phases.

Deletion of the pncA gene decreases bacterial invasion. To
investigate whether PncA plays a role in bacterial adhesion to bi-
otic surfaces, the adherence and invasion capacities of the wild-
type strain Yb2, the mutant strain Yb2ApncA, and the comple-
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mented strain cYb2ApncA were assessed in Vero cells. After
incubation with Vero cells, the host cell-associated bacterial CFU
value for strain Yb2ApncA was comparable to that of the wild-type
strain Yb2 (Fig. 4A); however, the invasion capacity of strain
Yb2ApncA was significantly reduced, compared with that of strain
Yb2 (P < 0.05). Strain cYb2ApncA exhibited a wild-type level of
invasion (Fig. 4B).

Deletion of the pncA gene significantly attenuates bacterial
virulence. When bacterial growth in vitro was examined, no sig-
nificant differences were found among the wild-type strain Yb2,
the mutant strain Yb2ApncA, and the complemented strain
cYb2ApncA (Fig. 5A). Our previous study revealed that the viru-
lence of the Yb2ApncA strain was attenuated approximately
488,000-fold, compared with that of strain Yb2. To assess the role
of PncA in systemic invasion and dissemination, bacterial loads in
the blood of ducks infected with the wild-type strain Yb2, the
mutant strain  Yb2ApncA, or the complemented strain
cYb2ApncA were determined. As shown in Fig. 5B, significantly
fewer bacteria were recovered from the blood of ducks infected
with strain Yb2ApncA, compared with ducks infected with the
wild-type strain, at 12, 24, and 48 hpi. Moreover, the bacterial load
in the blood of ducks infected with strain Yb2ApncA gradually
decreased as the infection time increased. The hearts, livers, and
spleens of ducks infected with strain Yb2ApncA were examined
histologically at 48 hpi and showed no pathological changes; they
were almost the same as those obtained from normal ducks that
had not been challenged (Fig. 6C). The samples from ducks in-
fected with the wild-type strain Yb2 were collected at 48 hpi, and
they showed severe gross lesions of fibrinous exudates in the peri-
cardial cavity, as well as histopathological changes such as cellular
edema, fibrin deposition, inflammatory cell infiltration, and ve-
sicular degeneration (Fig. 6B). Infection with the complemented
strain cYb2ApncA resulted in similar histopathological changes in
the heart, liver, and spleen (Fig. 6D).

Vaccination with the mutant strain Yb2ApncA protects
against virulent Yb2 challenge. To determine whether the mu-
tant strain Yb2ApncA can be used as a live vaccine candidate, a
protection experiment was conducted with ducks. At day 14 post-
vaccination, ducks were challenged with 10° CFU (10 times the
LDs,) of the virulent wild-type strain Yb2. The ducks in group 1
(which received one immunization) and group 3 (which received
two immunizations) were 80% and 90% protected from chal-
lenge, respectively (Table 3). The ducks in groups 2 and 4 (control
groups) showed clinical symptoms and were killed within 7 days
postchallenge. These results indicate that the attenuated mutant
strain Yb2ApncA can be used as a live vaccine candidate.

DISCUSSION

This study was initially designed to discover the pncA gene in R.
anatipestifer strain Yb2 and to explore the potential of the mutant

TABLE 2 Determination of intracellular NAD* concentrations

NAD™ concentration (wM)

Growth phase Yb2 Yb2ApncA cYb2ApncA
Exponential 4.29 £ 0.19 2.69 = 0.147 342 £ 0.25
Stationary 13.04 = 1.30 6.46 = 0.13" 11.3 = 1.41

@ P < 0.05, compared with the wild-type strain Yb2.
b P < 0.05, compared with the complemented strain cYb2AprncA.
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FIG 4 Bacterial adherence (A) and invasion (B) assays. The assays were performed with Vero cells. Data represent the number of cell-associated bacteria (A) or
bacteria invaded into Vero cells (B) in each well of 24-well plates. Error bars, standard deviations from three independent experiments that were performed in

triplicate. *, P < 0.05.

for live vaccine development. The mutant strain Yb2ApncA was
screened from a library of random transposon mutants in ani-
mals. A BLAST search indicated that the transposon-disrupted
gene AS87_01735 showed high levels of identity among R. anati-
pestifer strains of different serotypes, suggesting that the
AS87_01735 gene is highly conserved in R. anatipestifer. The pre-
dicted protein encoded by AS87_01735 exhibits sequence identity
to characterized nicotinamidases from other organisms ranging
from 22.6% to 45.5%. To confirm that the product of the
AS87_01735 gene in R. anatipestifer is an active nicotinamidase,
the AS87_01735 gene was cloned into the expression vector
pET28a(+), and rPncA was expressed in E. coli BL21(DE3), puri-
fied, and characterized in an enzymatic assay. As shown in Fig. 3,
rPncA exhibited nicotinamidase activity that hydrolyzed NAM to
NA and ammonia. Additionally, Western blot analysis revealed
that the Yb2ApncA mutant did not react with anti-PncA serum,
while the wild-type strain Yb2 and the complemented strain
cYb2ApncA showed a positive band at 23 kDa, suggesting that
PncA islacking in strain Yb2ApncA. These results indicate that the
R. anatipestifer AS87_01735 gene is the PncA-encoding gene and
that PncA is responsible for the aforementioned characteristics of
the Yb2ApncA strain.

NAD™, acting as both a coenzyme for hydride-transfer en-
zymes and a substrate for NAD " -consuming enzymes, is widely
distributed throughout biological systems, and it is involved in
several biological functions, such as signaling, control of gene ex-
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pression, and aging (21, 22). Canonically, the two basic types of
NAD™ synthesis consist of a de novo biosynthetic pathway and a
salvage biosynthetic pathway. In de novo biosynthesis, nicotinic
acid mononucleotide is synthesized from aspartic acid in three
enzymatic steps in prokaryotes or from L-tryptophan in five steps
in eukaryotes, followed by two enzymatic steps to complete the
synthesis of NAD ™. R. anatipestifer lacks two homologues of the
nadABC genes that are involved in the de novo pathway. In con-
trast, R. anatipestifer possesses all of the putative members of a
functional salvage pathway. A genomically based reconstitution of
NAD™ metabolism suggested that R. anatipestifer relies largely on
the salvage pathway to synthesize NAD ™. PncA is a key enzyme in
the cyclical salvage pathway for the production of NAD™ from
NAM (23, 24). In this study, the putative nicotinamidase PncA,
which is encoded by the AS87_01735 gene, is assumed to have an
important role in R. anatipestifer biology by salvaging excess NAM
while maintaining elevated NAD* levels. Disruption of the prncA
gene led to a 2-fold decrease in the intracellular NAD™ content,
which was restored in the complemented strain cYb2ApncA
(which expressed PncA). Although it lacks two homologues of
the nadABC genes that are involved in the de novo synthesis path-
way, R. anatipestifer possesses a putative quinolinate synthase
(AS87_04445) that catalyzes the conversion of iminoaspartate to
quinolinate (25), the second step of the de novo NAD™ biosyn-
thetic pathway. In addition, R. anatipestifer harbors putative en-
zymes that are involved in the last two steps of de novo NAD™
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FIG 5 Determination of bacterial growth in vitro and in vivo. (A) Bacterial growth curves in TSB. Bacterial CFU were counted at 3-h intervals, and the data are
presented as the means of three replicates. No significant difference was observed among the R. anatipestifer wild-type strain Yb2, the mutant strain Yb2ApncA,
and the complemented strain cYb2ApncA. (B) Bacterial loads in the blood of infected ducks. Six ducks each were infected with strain Yb2, strain Yb2ApncA, or
strain cYb2ApncA at a dose of 1 X 107 CFU. The bacterial loads were counted at 6, 12, 24, and 48 hpi. Data are means * standard deviations. At 12, 24, and 48
hpi, the bacterial loads in the blood samples from ducks infected with strain Yb2ApncA were significantly smaller than those in samples from ducks infected with
strain Yb2. The data were analyzed using one-way analysis of variance. **, P < 0.01; ***¥, P < 0.001; ****, P < 0.0001.
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FIG 6 Histopathological examinations. (A) Samples from a normal duck. (B) Samples from a duck infected with the wild-type strain Yb2, at 48 hpi. (C) Samples

from a duck infected with the mutant strain Yb2ApncA, at 48 hpi. (D) Samples from a duck infected with the complemented strain cYb2ApncA, at 48 hpi. No
pathological changes were observed in the tissues of Yb2ApncA-infected ducks. In Yb2- or cYb2ApncA-infected ducks, pathological changes, including inflam-
matory cell infiltration, hemorrhage, cellular edema, and fibrinous exudate, were observed in the heart (black arrows), while vacuolar degeneration in hepato-
cytes was observed in the liver (red arrows) and diffuse vacuolation and decreased cellularity were found in the spleen (green arrows). The tissues were stained

with hematoxylin and eosin. Magnification, X200.

biosynthesis, i.e., a nicotinate-nucleotide adenylyltransferase
(AS87_07940), a phosphodiesterase (AS87_08680),and an NAD ™"
synthetase (AS87_08685). It is interesting that the aforemen-
tioned three enzymes are also involved in salvage NAD™ biosyn-
thesis. Thus, defective NAD™ recycling caused by PncA inactiva-

TABLE 3 Animal challenge experiment

No. of Inoculation  Challenge No. of duck Protection
Group”  injections type” strain® deaths rate (%)"
1 1 Yb2ApncA  Yb2 2 80
2 1 Saline Yb2 10 0
3 2 Yb2ApncA  Yb2 1 90
4 2 Saline Yb2 10 0

@ Each group contained 10 ducks.

b Seven-day-old ducks were immunized once or twice. Ducks that received two
immunizations were immunized 7 days apart.

¢ The challenge dose was 10 times the LD,

9 The protection rate was calculated as follows: [1 — (no. of dead ducklings per group/
total no. of ducklings per group)] X 100.
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tion has a large effect on intracellular NAD™ levels. In some
organisms, supplementation of pncA mutants with increasing
concentrations of NAM or NR can reverse the growth defect phe-
notype and increase the intracellular NAD™ contents. For exam-
ple, Mycobacterium bovis can support the deletion of the de novo
pathway because it has a salvage pathway that is still functional
when NAM is supplied at high concentrations (26). In R. anatip-
estifer, such a perturbation of the intracellular NAD* contents has
no effect on bacterial growth in vitro. One possible reason for this
is that TSB contains precursors (NAM, NA, or NR) for NAD™,
and another is that R. anatipestifer may rely on the de novo NAD™
synthesis pathway for growth in vitro.

In addition to its role in regulating NAD * biosynthesis, PncA is
involved in bacterial virulence (27, 28). Brucella abortus PncA
contributes to the utilization of nutrients that are required for
intracellular replication and infectivity in mice (14). Plasmid-en-
coded PncA of Borrelia burgdorferi is essential for its infectivity in
a mammalian host (16). In our previously study, the virulence of
the Yb2ApncA mutant strain was >488,000-fold attenuated, com-

aem.asm.org 5821


http://aem.asm.org

Wang et al.

pared with that of the wild-type strain Yb2, based on LD, deter-
minations. The present study showed that the bacterial loads in
the blood of ducks infected with the Yb2AprncA strain were signif-
icantly lower than those of ducks that were infected with the wild-
type strain Yb2. Furthermore, ducks that were infected with the
Yb2ApncA strain did not show any histological changes in the
heart, liver, or spleen, whereas ducks infected with the wild-type
strain Yb2 showed severe gross lesions of fibrinous exudates in the
pericardial cavity and on the surface of the liver, as well as histo-
pathological changes such as fibrinous exudation, vesicular de-
generation, diffuse vacuolation, and decreased cellularity. There-
fore, we demonstrated that the pncA gene is a virulence factor of R.
anatipestifer.

Various antibiotics are currently used to prevent and to control
R. anatipestifer infections in ducks, but the increasing prevalence
of drug-resistant strains is posing a serious challenge for antibiotic
treatment (29, 30). Therefore, immunization should be the ideal
way to prevent ducks from being infected with R. anatipestifer.
One advantage of live attenuated vaccines is that they can stimu-
late protracted cell-mediated immunity and confer good protec-
tion (31, 32). Our study showed that ducks that were immunized
with the mutant strain Yb2ApncA were protected from challenge
with wild-type virulent R. anatipestifer, suggesting that the
Yb2ApncA strain is an effective vaccine candidate for protecting
ducks against serotype 2 R. anatipestifer infections in China.

In conclusion, we identified the R. anatipestifer AS87_01735
gene as a PncA-encoding gene that contributes to bacterial NAD™
biosynthesis and virulence. The mutant strain Yb2ApncA could be
used as a novel vaccine candidate.
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