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ABSTRACT The second messenger cyclic di-GMP (c-di-GMP) is a ubiquitous molecule in
bacteria that regulates diverse phenotypes. Among them, motility and biofilm formation
are the most studied. Furthermore, c-di-GMP has been suggested to regulate virulence fac-
tors, making it important for pathogenesis. Previously, we reported that c-di-GMP regulates
biofilm formation and swimming motility in Bordetella bronchiseptica. Here, we present a
multi-omics approach for the study of B. bronchiseptica strains expressing different cytoplas-
mic c-di-GMP levels, including transcriptome sequencing (RNA-seq) and shotgun proteomics
with label-free quantification. We detected 64 proteins significantly up- or downregulated
in either low or high c-di-GMP levels and 358 genes differentially expressed between strains
with high c-di-GMP levels and the wild-type strain. Among them, we found genes for
stress-related proteins, genes for nitrogen metabolism enzymes, phage-related genes, and
virulence factor genes. Interestingly, we observed that a virulence factor like the type III
secretion system (TTSS) was regulated by c-di-GMP. B. bronchiseptica with high c-di-GMP
levels showed significantly lower levels of TTSS components like Bsp22, BopN, and Bcr4.
These findings were confirmed by independent methods, such as quantitative reverse tran-
scription-PCR (q-RT-PCR) and Western blotting. Higher intracellular levels of c-di-GMP corre-
lated with an impaired capacity to induce cytotoxicity in a eukaryotic cell in vitro and with
attenuated virulence in a murine model. This work presents data that support the role that
the second messenger c-di-GMP plays in the pathogenesis of Bordetella.

KEYWORDS Bordetella, c-di-GMP, type III secretion system, label-free proteomics, RNA-
seq, immune response

B ordetella bronchiseptica is a Gram-negative respiratory pathogen that infects mam-
mals, including humans. A B. bronchiseptica old lineage has been suggested as the

common ancestor of the other classical species, Bordetella pertussis and Bordetella para-
pertussis (1, 2). B. pertussis, a human-adapted pathogen, is the causative agent of
whooping cough. Despite high coverage with vaccination, several outbreaks have
been recorded in the last 2 decades, prompting the need for a better understanding of
the Bordetella infection process (3).

B. bronchiseptica possesses a variety of virulence factors required to successfully
infect and persist within the host. Adhesins like filamentous hemagglutinin (FHA) and
pertactin (PRN) and toxins such as adenylate cyclase toxin (ACT) and the type III secre-
tion system (TTSS) proteins are important for infection (4). The expression of these fac-
tors is tightly regulated by a two-component system, BvgAS, the master regulator of
Bordetella virulence (5). Multifactorial phenotypes like swimming motility and biofilm
formation are also regulated by BvgAS (6, 7). Inserted in the inner membrane, BvgS is
an active kinase and phosphorylates BvgA, a response regulator of most Bordetella vir-
ulence factors (8). Although in vivo signaling for BvgS is unknown, modulators like low
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temperatures and millimolar concentrations of magnesium sulfate or nicotinic acid can
inhibit BvgS activity in vitro, and as a result, the bacteria transition among three phases:
the virulent, intermediate, and avirulent phases (9). Virulence factors are absent in the
avirulent phase, and the bacteria fail to infect a susceptible host (10).

Since the discovery of the BvgAS system, it has been evident that Bordetella patho-
genesis is governed mainly by this two-component system. However, in recent years,
different authors reported evidence showing how phenotypes involved in infection
are also regulated by other signals: an additional sensor kinase, PlrS, is required for B.
bronchiseptica persistence in the murine lower respiratory tract, RpoE sigma factor reg-
ulates ACT expression in B. pertussis, and small RNAs are involved in TTSS regulation in
B. pertussis (11–13). Another two-component system, RisAS, first described as impor-
tant for resistance to oxidative stress, was recently described in more detail (14). Also,
it was reported that the transcriptional regulator BpsR controls loci involved in nico-
tinic acid degradation and TTSS formation (15). In our laboratory, we showed that the
second messenger bis-(39-59)-cyclic dimeric GMP (c-di-GMP) regulates biofilm forma-
tion and swimming motility in B. bronchiseptica (16). When intracellular c-di-GMP con-
centration is above basal levels, biofilm formation is enhanced and motility is repressed
(16, 17). c-di-GMP is a bacterial second messenger known to regulate a variety of cellu-
lar processes like biofilm formation, motility, and virulence in many bacteria (18).
Intracellular c-di-GMP concentration is regulated by diguanylate cyclases (DGCs) and
phosphodiesterases (PDEs), whose activities can respond to different signals. Proteins
with DGC activity contain a GGDEF domain, and PDEs contain either an EAL or an HD-
GyP domain. Frequently, a sensor and/or regulatory domain is present at the N portion
of the enzyme. In accordance with the diversity of signals that modulate the c-di-GMP
network, bacterial genomes usually encode several proteins with presumable DGC or
PDE activity.

Inspection of the B. bronchiseptica RB50 annotated genome revealed 10 probable
DGCs and four PDEs. Among them, expression of the DGC gene bdcA from a plasmid in
B. bronchiseptica induces high c-di-GMP levels, enhanced biofilm formation, and motil-
ity inhibition (16). Furthermore, we observed impaired colonization of mice by a B.
bronchiseptica strain lacking bdcA (17).

In the present work, we first proposed to establish which proteins are regulated by
c-di-GMP in B. bronchiseptica. To this end, we set high or low c-di-GMP levels by
expressing in B. bronchiseptica a DGC or a PDE, respectively, and applied both proteo-
mic and transcriptomic approaches. We used bdcA to set high c-di-GMP levels and
bb2664, which codes for a predicted PDE, to obtain a low c-di-GMP concentration in B.
bronchiseptica.

Applying shotgun proteomics and label-free quantification, we compared cytosolic pro-
tein levels from strains with low and high c-di-GMP levels. In addition, the transcriptome of
B. bronchiseptica with high c-di-GMP levels was compared with that of the wild type.

Importantly, we observed virulence factors downregulated by c-di-GMP. We showed for
the first time that TTSS was regulated by c-di-GMP in B. bronchiseptica. In particular, Bsp22, a
protein secreted by the TTSS, was downregulated in high c-di-GMP levels. In accordance
with TTSS downregulation, B. bronchiseptica with high c-di-GMP levels exhibited attenuated
virulence in the murine infection model. Although bacteria with artificially high c-di-GMP
levels colonized the upper and lower respiratory tracts, the immune response was milder
than that developed by mice infected with wild-type bacteria. These results highlight the
second messenger c-di-GMP as part of the virulence factor regulation network in B.
bronchiseptica.

RESULTS
BB2664 is an active phosphodiesterase. To obtain a low c-di-GMP concentration

in B. bronchiseptica, we chose one of the four putative proteins that contain EAL domains
(BB2664) in B. bronchiseptica. The primary sequence of BB2664 predicts a cytosolic protein
with REC (cheY-homologous receiver domain) and EAL domains at the N and C termini,
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respectively (Fig. 1A). This REC-EAL architecture has been observed in other active PDEs (19).
We cloned bb2664 from B. bronchiseptica 9.73 into the pBBR1MCS-5-pnptII plasmid down-
stream of the promoter of nptII, to obtain pBBR1MCS-5-pnptII-bb2664 (ppdeA). The presence
of a strong and independent promoter upstream of bb2664 guaranteed its constitutive
expression. The plasmid was introduced into wild-type B. bronchiseptica by biparental conju-
gation. Lysates from a B. bronchiseptica strain with ppdeA (Bb-ppdeA) were evaluated for
PDE activity using the synthetic substrate bis-(p-nitrophenyl) phosphate (bis-pNPP) (20).
Previously, it was shown that EAL domain proteins which were active against c-di-GMP
were also active against bis-pNPP (21). The reaction product was determined by measuring
the absorbance at 410 nm and compared to samples from B. bronchiseptica strains harbor-
ing an empty plasmid (Bb-pEmpty). A significant increase in absorbance was detected in Bb-
ppdeA, indicating the presence of an active PDE domain in this strain (Fig. 1B). From these
data, we concluded that BB2664 has PDE activity and therefore propose naming the bb2664
locus pdeA (phosphodiesterase A).

We hypothesized that if PdeA is an active PDE, expression of pdeA from a plasmid
would decrease intracellular levels of c-di-GMP and, therefore, inhibit biofilm formation
in B. bronchiseptica, as we observed previously with another PDE (16). To test our hy-
pothesis, we evaluated biofilm formation of a B. bronchiseptica strain harboring ppdeA.
As previously described, wild-type B. bronchiseptica showed biofilm formation depend-
ent on the two-component system BvgAS. Under laboratory conditions, it is possible
to inhibit BvgAS activity with nicotinic acid (NA). Hence, in the presence of NA (over
2 mM), B. bronchiseptica presents an avirulent phase with low biofilm formation
capacity. In the absence of added NA, BvgAS is active, virulent factors are expressed,
and B. bronchiseptica shows enhanced biofilm formation. However, maximum levels of
biofilm formation are achieved when intermediate concentrations of NA are added
(between 0.5 and 1.0 mM), a condition that is named the intermediate phase. In the
experiments whose results are presented in Fig. 1C, biofilm formation by the wild-type
strain was in the intermediate phase, as described before (16). Expression of pdeA from
a plasmid did not change biofilm formation in either the virulent or avirulent phase.
However, biofilm formation was significantly inhibited in the intermediate virulence
phase (1.0 mM nicotinic acid). This phenotype is expected for B. bronchiseptica with
low c-di-GMP levels (16).

FIG 1 BB2664 (PdeA) exhibits phosphodiesterase activity. (A) AlphaFold prediction structure for
BB2664 (PdeA) and BdcA. (B) PDE activity in crude cell extracts of Bb-ppdeA and Bb-pEmpty, using the
substrate bis-pNPP. The graph shows absorbance (410 nm). The results are based on two biologically
independent replicates. **, P , 0.01. (C) Biofilm formation by Bb-ppdeA. Biofilm was allowed to form
in U-bottom wells for 24 h and stained with crystal violet (CV) solution. Quantification was conducted
by dissolving CV in acetic acid solution and measured absorbance (595 nm). The results are based on
three biologically independent replicates. *, P , 0.01.
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Diguanylate cyclase and phosphodiesterase activities regulate protein expression
in B. bronchiseptica. In previous reports, we established that BdcA is an active DGC
(Fig. 1A) (16). High levels of c-di-GMP that correlated with enhanced biofilm formation
and motility inhibition were observed in B. bronchiseptica when bdcA was expressed
from a plasmid (16, 17).

To examine the impact of c-di-GMP on the proteome of B. bronchiseptica, we per-
formed mass spectrometry on strains overexpressing the DGC BcdA or the PDE PdeA
and compared protein expression to that in the parental strain with the empty plas-
mid. We analyzed the cytosolic fraction of cells by Orbitrap mass spectrometry, and
raw data were processed using Perseus software. Spectra from Bb-pbdcA or Bb-ppdeA
were compared to those of Bb-pEmpty. In total, 32,743 spectra were identified with a
false discovery rate (FDR) of,1% by the Scaffolds Local algorithm.

Overall, we identified 862 different proteins in the three strains. Although samples
were obtained from the cytoplasmic fraction, predicted periplasmic and membrane
proteins were also identified. We considered for analysis only proteins that were identi-
fied in at least two biological replicates of the strains. Due to the shotgun experiment
design, the lack of detection of a peptide does not necessarily correlate with absence
of a protein. Hence, proteins that were detected in one strain but not in the other were
excluded from analysis. We identified 65 proteins with significantly different fold
change (FC) in expression relative to the wild-type strain (Fig. 2; also, see Table S1 and
Fig. S1 at http://sedici.unlp.edu.ar/handle/10915/135429). In Fig. 2, volcano plots for
strains Bb-pbdcA and Bb-ppdeA compared to Bb-pEmpty are shown. Next, we detail the
proteins that were significantly regulated by c-di-GMP.

Proteins that are regulated in B. bronchiseptica with high levels of c-di-GMP.
B. bronchiseptica with pbdcA plasmid, with high c-di-GMP levels, showed five proteins that
were significantly upregulated. Among them, BB2270 and BB3029 were annotated as pu-
tative secreted proteins, with FC of 3.1 and 2.4, respectively. The acetolactate synthase IlvI
(BB3887) was surprisingly upregulated with a FC of 20.2. This protein, also known as aceto-
hydroxy acid synthase (AHAS), is the key enzyme involved in the biosynthesis of
branched-chain amino acids in bacteria. In a biofilm-versus-planktonic-growth microarray
study performed in B. bronchiseptica RB50, bb3887 was shown to be significantly more
expressed at 12 h in biofilm-forming bacteria (22).

On the other hand, we observed several groups of proteins downregulated in the strain
with high c-di-GMP levels (Table S1; Fig. 2). A group of proteins is predicted to be involved
in nitrogen metabolism, and three of them are involved in amino acid synthesis (BB0431
[IlvD], BB2954 [GlnA], and BB0068 [LysA]). Interestingly, we identified two enzymes

FIG 2 Quantitative analysis of proteins identified in Bb-pEmpty and Bb-pbdcA (A) or Bb-ppdeA (B) using a
shotgun approach. Each plot represents a protein identified in 3 replicates of all conditions, plotted according
to its P value [log2(P)] and fold change [log2(fold change)]. Blue dots represent proteins that meet neither the
fold change nor the statistical criteria. Red and green dots correspond to upregulated and downregulated
proteins, respectively, satisfying all statistical filters (see Table S1 for protein identity). The horizontal line
represents a P value of 0.05. The vertical lines show 2- and 0.5-fold changes in protein expression.
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described in the conversion of ornithine from glutamate (ArgJ and ArgC) that were down-
regulated under this condition. Also, BB2658 (GadA), which catalyzes the first step in the
conversion of glutamate to succinate, is downregulated in B. bronchiseptica with high c-di-
GMP levels (FC, 30.1).

Overall, it appears that when c-di-GMP levels were high, glutamate usage as carbon
source was inhibited. It is important to note that glutamate is the major carbon source
present in the culture medium (Stainer-Scholte medium) (23).

In addition, we found significant differences in three proteins involved in nucleotide
metabolism: NadC, BB0845, and BB0957. The first one is a quinolinate phosphoribosyl-
transferase involved in the quinolinate salvage pathway and was 16 times more abundant
in wild-type B. bronchiseptica than in Bb-pbdcA. BB0845 and BB0957 are involved in pyrim-
idine metabolism according to KEGG pathway prediction; both were downregulated (FC
of 9.1 and 9.6, respectively) at high c-di-GMP levels, suggesting downregulation of pyrimi-
dine synthesis in this situation. Decreased expression of pyrimidine synthesis enzymes
may be a result of the imbalance in the bacterial nucleotide pool caused by the artificially
high c-di-GMP production.

Interestingly, a group of proteins previously described in other bacteria as important
for different stress responses was downregulated in Bb-pbdcA: AhpC, DnaK, and BB4283
(FC of 9.0, 2.9, and 6.8, respectively). BB4283 is a homologue of Escherichia coli OsmC, an
osmotically inducible protein that has been related to oxidative stress (24). The relation-
ship between oxidative stress and c-di-GMP was described previously (25, 26).

Additionally, B. bronchiseptica expressing bdcA presented lower levels of SecB and
DegP than the wild-type strain. DegP and SecB are involved in the translocation of
FHA, an adhesin involved in pathogenesis and biofilm formation, across the cytoplas-
mic membrane (27).

Proteins that are regulated in B. bronchiseptica with low levels of c-di-GMP.
Proteomic results from B. bronchiseptica strain with low c-di-GMP levels also showed
differences from the wild-type strain. We found 29 proteins differently expressed in Bb-
ppdeA compared to Bb-pEmpty (Table S1; Fig. 2), most of them downregulated (72%).
Among them, two proteins, the putative bacterioferritin BB2881 and the enolase
BB3703, were described as being involved in oxidative stress responses (FC of 5.6 and
3.0, respectively) in other pathogens (28).

Other proteins downregulated in Bb-ppdeA compared to the wild type are related to
carbon or nitrogen metabolism, such as BB1381 (FC 5.2), a glyceraldehyde-3-phosphate
dehydrogenase; BB3792 (FC 4.5), a putative aminotransferase associated with branched-
chain amino acid biosynthesis or degradation; and BB4614 (FC 13.2), an enoyl coenzyme
A (enoyl-CoA) hydratase, probably catalyzing amino acid degradation pathways.

We also found that CtpA is slightly but significantly downregulated in Bb-ppdeA (FC
2.2). CtpA is a protease required for FHA processing and respiratory infection by B.
bronchiseptica (29).

The most upregulated protein in Bb-ppdeA was BB3110. BB3110 protein has an
autotransporter superfamily domain at the C terminus, homologue to the domain
found in the tracheal colonization factor A (TcfA) and pertactin (PRN) from B. pertussis.
TcfA is important for aerosol infection in B. pertussis but is not produced by B. paraper-
tussis or B. bronchiseptica (30). The BB3110 N-terminal region has homology to the N-
terminal portion of TcfA (35% identity), suggesting that BB3110 may be a TcfA-like
protein.

Regarding virulence factors, we also found that BipA, a Bvg-intermediate-phase pro-
tein, was downregulated when c-di-GMP was lower than basal levels. BipA was 11-fold
more abundant in the wild-type strain than in Bb-ppdeA, being one of the largest fold
changes observed in this comparison. OmpA, an outer membrane protein involved in
pathogenesis in other pathogens, was also upregulated (FC, 2.4). Under the same con-
ditions, Bsp22, a type III secretion system effector, was upregulated. Two other proteins
upregulated in Bb-ppdeA and likely to be related to bacterial pathogenesis were
BB3931 and KdsA, with FC of 4 and 7, respectively. BB3932 is a putative zinc protease,

Virulence Regulation by c-di-GMP in B. bronchiseptica Infection and Immunity

June 2022 Volume 90 Issue 6 10.1128/iai.00107-22 5

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//j

ou
rn

al
s.a

sm
.o

rg
/jo

ur
na

l/i
ai

 o
n 

14
 A

pr
il 

20
23

 b
y 

16
3.

10
.3

4.
20

9.

https://journals.asm.org/journal/iai
https://doi.org/10.1128/iai.00107-22


while KdsA is a 2-dehydro-3-deoxyphosphooctonate aldolase involved in lipid A syn-
thesis, a component of the lipopolysaccharide, important for pathogenesis (31).

When we compared peptides from Bb-ppdeA and Bb-pbdcA, we found additional
significant differences (Table S1). Of note, adenylate cyclase (CyaA) and BapC were
more abundant in low c-di-GMP levels. Adenylate cyclase is a well described Bordetella
toxin important for infection progress. BapC has been postulated to be an autotrans-
porter adhesin in B. pertussis (32).

To verify whether our results from Orbitrap proteomic agree with mRNA levels, we per-
formed reverse transcription-quantitative PCR (RT-qPCR) of selected genes. Strains were
grown and subjected to RNA purification, reverse transcription, and qPCR. Downregulation
of secB and cyaA under high-c-di-GMP conditions determined by RT-qPCR correlated with
protein levels (Fig. 3A). Comparison of mRNA levels between the strain expressing pdeA
and the wild type with empty plasmid showed downregulation of bipA and bb2881, as
observed in the proteomic analysis. In particular, RT-qPCR experiments showed that
bb2881 transcription was strongly inhibited in Bb-ppdeA (25.8-fold). On the other hand,
both bapC and ompA mRNA levels were indistinguishable in both strains, suggesting that
a posttranscriptional mechanism of regulation may be involved.

c-di-GMP-regulation involves transcriptional regulation. c-di-GMP can regulate
the expression of proteins at the transcriptional and/or posttranslational level. To fur-
ther analyze c-di-GMP regulation, we aimed to discover the implications of this second
messenger in the transcriptional regulation in B. bronchiseptica. Transcriptome
sequencing (RNA-seq) analyses were performed to compare transcriptomes of Bb-
pEmpty to the variant with high c-di-GMP levels. Bb-pbdcA was chosen because it was
the strain showing the highest number of differentially expressed proteins in the pro-
teomic analysis.

FIG 3 (A) RT-qPCR. mRNA amounts were determined by quantitative real-time PCR. Fold changes
were calculated by the DDCT method using recA levels as a control. Mean fold changes of triplicate
cultures were compared using Student’s paired t test (two-tailed distribution), and a P value of ,0.05
was considered significant. *, P , 0.05. (B) Clusters of Orthologous Groups of genes found in the
RNA-seq approach. mRNA from Bb-pEmpty or Bb-pbdcA were purified, retrotranscribed to cDNA, and
sequenced. Sequences were mapped to the B. bronchiseptica RB50 genome and classified according
to the ortholog list. Numbers of genes that were upregulated (green bars) or downregulated (red
bars) were clustered accordingly to orthologous groups.
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RNA was isolated from bacteria growing in liquid culture. For each RNA-seq data set,
genes with a P value of ,0.05 (EDGE test) were used for further analysis. Overall, 358
genes were differentially expressed, of which 207 were upregulated and 151 were down-
regulated in Bb-pbdcA (Table S2). More than 70 genes were related to transport and me-
tabolism of carbohydrates (6), amino acids (26), nucleotides (2), coenzymes (13), lipids
(15), and inorganic ions (17), while about 60 genes were related to transcription (17), trans-
lation (18), and posttranslational modifications (27) (Fig. 3B). In addition, a STRING data-
base analysis was performed on the obtained data, and some clusters were discernible,
such as phage-, TTSS-, nitrogen-, and stress-related gene clusters (Fig. S2).

Regarding the upregulated genes in Bb-pbdcA, our analyses revealed more than 60
phage-related genes. Interestingly, some of these genes are upregulated in the first 6 h
of biofilm formation by B. bronchiseptica (22). Among the downregulated genes, one
cluster corresponded to urease genes (ureC, ureF, ureE, ureG, and ureJ) and others to
proteins related to posttranslational modifications or chaperones (dnaK, dnaJ, clpB,
hslU, hslV, and grpE). Notably, DnaK downregulation was also observed in proteomic
assays with an FC of 2.9 (Table S1).

Interestingly, cyaB and cyaD were upregulated in Bb-pbdcA. The gene products of
cyaB and cyaD are known to be necessary for the transport of ACT across the cell enve-
lope and its release into the external medium (33). Also, RseA (BB3751), an anti-sigma
factor, was downregulated in Bb-pbdcA. The absence of RseA in B. pertussis liberates
RpoE to stimulate cyaA expression (12).

Of note, other genes related to c-di-GMP metabolism were differentially regulated
between Bb-pEmpty and Bb-pbdcA: bb2790 and bb1691, being putative DGC and PDE
genes, respectively, were downregulated in Bb-pbdcA. The c-di-GMP network is com-
plex, and increasing the amount of an individual DGC or PDE does not necessarily have
an impact on the overall levels of c-di-GMP or on a particular phenotype (34, 35).

Both flhD and flhC, master regulators of motility, were repressed (FC of 4.3 and 2.9,
respectively). It is important to note that RNA extractions were performed in cultures
under nonmodulating conditions (no motility). Since the mechanism of flagellar inhibi-
tion in B. bronchiseptica has not been fully described, we speculate that even under
this condition, high c-di-GMP levels inhibit basal transcription of the flhDC master op-
eron, which might be present in the virulent phase.

We found a remarkable cluster of 10 downregulated genes in Bb-pbdcA involved in
TTSS: bopN, bopD, bopB, bcr4, bcrH2, bcrH1, bteA, bb1614, bb1615, and bb1618 (Fig. 4A).
Furthermore, in accordance with proteomic results, the bsp22 gene was downregulated

FIG 4 High levels of c-di-GMP regulates the TTSS. (A) Diagram showing the TTSS locus, indicating
significant (P , 0.05) fold changes. Blue arrows indicate genes for proteins involved in the secretion
process. (B) Western blot with anti-Bsp22 antibodies performed on Bb-pEmpty, Bb-pbdcA, Bb-ppdeA,
and BbbvgA2 (negative control) supernatant samples. Samples were normalized to cell optical
density. Two biologically independent assays were performed. (C) Cytotoxicity assays on J774A.1
macrophages cells. Bb-Empty or Bb-pbdcA was added at the indicated MOI on J774A.1 macrophage
monolayers and then incubated for 4 h in 5% CO2 at 37°C. Cytotoxicity assays were conducted using
a Pierce LDH cytotoxicity assay kit, and results were expressed relative to the maximum LDH release
control provided by the manufacturer. *, P , 0.05 (unpaired one-tailed Student's t test).
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(2.5 times) in Bb-pbdcA, supporting the idea that c-di-GMP regulates TTSS in B. bronchisep-
tica. We confirmed downregulation of bsp22 by RT-qPCR; transcription in Bb-pbdcA was
3.37-fold downregulated compared to Bb-pEmpty (Fig. 3A), but no differences in mRNA
levels were observed in Bb-ppdeA. This last result suggests that c-di-GMP is an inhibitor
rather than an activator of bsp22 expression.

c-di-GMP regulates TTSS expression and activity. To confirm that c-di-GMP inhib-
ited bsp22 expression, we analyzed the presence of Bsp22 in Bb-pbdcA, Bb-ppdeA, and
wild-type strains’ supernatants by immunoblotting. We included the BbbvgA2 strain as
a negative control. Expression of the TTSS is inhibited when the two-component sys-
tem BvgAS is inactivated (36). As expected, B. bronchiseptica showed Bsp22 expression
in the virulent phase (Fig. 4B; Fig. S3). We did not observe significant differences in
Bsp22 production between the wild-type strain and Bb-ppdeA. However, consistent
with the results shown above, the amount of Bsp22 was reduced in Bb-pbdcA com-
pared to the wild type.

As it was shown that B. bronchiseptica needs a functional TTSS to induce cytotoxicity in
mammalian cells, we speculate that if high intracellular levels of c-di-GMP inhibit TTSS in
B. bronchiseptica, the cytotoxicity should be diminished as well. To assess this issue, we
infected J774A.1 cells with either Bb-pEmpty or Bb-pbdcA at multiplicity of infection (MOI)
of 10 or 100, and the lactate dehydrogenase (LDH) released was quantified after a 4-h incu-
bation. Bacterial cytotoxicity depended on the MOI assayed, as control strain Bb-pEmpty
induced about 30% cytotoxicity at an MOI of 10 and 60% cytotoxicity at an MOI of 100
(Fig. 4C), and Bb-pbdcA was significantly less cytotoxic than Bb-pEmpty at an MOI of 10. All
these experiments suggest that high intracellular c-di-GMP levels inhibit TTSS-mediated
cytotoxic activity on macrophages by downregulating the expression of the secretion
system.

B. bronchiseptica with high c-di-GMP levels presented attenuated virulence in
the murine model. Considering the downregulation of virulence factors in the B. bron-
chiseptica strain with high c-di-GMP levels, we sought to evaluate the importance of c-
di-GMP during B. bronchiseptica infection. We infected outbred CD1 mice intranasally
with 106 CFU of either Bb-pbdcA or Bb-pEmpty, and at 1, 4, and 7 days postinfection,
we collected samples and determined bacterial burden in the respiratory tract.

Both Bb-pEmpty and Bb-pbdcA were recovered from the lungs, tracheas, and nasal
cavities of infected mice at all time points (Fig. 5). Bb-pEmpty presented an infection ki-
netic already described previously by our laboratory (37). Bacteria were recovered from
the three sites analyzed, with a peak of 107 CFU in the lungs at day 4 postchallenge.
On day 7, two Bb-pEmpty-infected mice were found dead; tissues were processed, but
CFU were not considered for statistical analysis (gray dots in Fig. 5).

Overall, Bb-pbdcA showed a typical kinetics of infection in the lungs, although its
CFU counts were lower than those for Bb-pEmpty, and it also showed impaired growth
in the nasal cavity and trachea. Specifically, we recovered statistically 1 to 2 log fewer
viable Bb-pbdcA bacteria from lungs at days 1 and 4 postinfection (Fig. 5A). Also, we
recovered 2 log fewer Bb-pbdcA than Bb-pEmpty bacteria from tracheas at day 7 post-
infection (Fig. 5B). Regarding bacterial colonization in the nasal cavity, we observed lit-
tle growth of Bb-pbdcA, if any, as we recovered a constant number of CFU during the
analyzed period (Fig. 5C). Less viable Bb-pbdcA was recovered from nasal washes
4 days postinfection than Bb-pEmpty. However, this difference was not observed in
nasal mucosa-associated lymphoid tissue (NALT) samples (Fig. 5D). Nasal washes con-
tain only bacteria that can be flushed out of the nostrils. On the other hand, NALT sam-
ples contain bacteria that remain attached to the epithelium. These data indicate that
Bb-pbdcA was able to colonize and persist in the respiratory tract of mice but not as
efficiently as the wild-type strain. In summary, we observed a decrease in the bacterial
burden in the respiratory tract by the Bb-pbdcA strain compared to Bb-pEmpty.

Infection with Bb-pbdcA led to fewer infiltrating phagocytes at the site of
infection and induced a milder proinflammatory immune response. To characterize
the immune response produced by the host infected with Bb-pbdcA, neutrophil and mono-
cyte populations were studied in blood and lung homogenates by flow cytometry.
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Overall, both Bb-pEmpty and Bb-pbdcA induced a strong recruitment of neutrophils
(Gr-1high CD11b1) and monocytes (Gr-1mid CD11b1) to the lungs at day 1 compared to
the control (Fig. 6A and B). However, the number of neutrophils in Bb-pbdcA-infected
lungs was significantly lower (50%) than in Bb-pEmpty-infected ones at day 1 postin-
fection (Fig. 6A). At day 7 postinfection, Bb-pEmpty-infected lungs exhibited a 75%
increase in neutrophils relative to both Bb-pbdcA-infected and uninfected lungs (Fig.
6A). Furthermore, while the number of monocytes was similar between mice infected
with either strain at day 1, the amount recovered from Bb-pbdcA-infected lungs was
constant and indistinguishable from control lungs throughout the experiment (Fig.
6B). In contrast, wild-type bacteria induced a persistent recruitment of monocytes to
the lungs at all time points analyzed, showing values 80% and 60% higher than those
in the Bb-pbdcA-infected lungs at days 4 and 7 postinfection (Fig. 6B).

To simply assess inflammation, we measured the weight of the lungs. Bb-pEmpty-
infected lungs weighed more than Bb-pbdcA-infected lungs at day 4 and day 7 postinfec-
tion (Fig. S4). Furthermore, blood analyzed by a hematology blood analyzer showed that
white blood cell profiles from Bb-pbdcA-infected mice were similar to those of the unin-
fected control group at days 4 and 7 (Fig. S5). Regarding neutrophil population detected
by flow cytometry in blood samples, a significant increase in Bb-pEmpty-infected mice was
observed (between 30 and 40%) compared to Bb-pbdcA-infected ones at the three time
points analyzed (Fig. 6C). In summary, mice infected with Bb-pbdcA showed fewer infiltrat-
ing cells recruited to lungs, less inflamed lungs, and a reduction in neutrophil population
in blood compared to those infected with Bb-pEmpty.

We further analyzed the cytokine response by measuring cytokines in lung homoge-
nates with a Multi-Spot assay (Meso Scale Discovery). We observed that Bb-pEmpty
induced an increase in the production of several cytokines in the lungs, as expected for a
Bordetella infection. In contrast, Bb-pbdcA triggered a milder production of the cytokines
analyzed during the 7 days postinfection (Fig. 7). Furthermore, the Bb-pbdcA-induced cyto-
kine profile was not significantly different from that in nonchallenged mice. The levels of

FIG 5 B. bronchiseptica with high c-di-GMP levels presented attenuated virulence in the mouse
model. Mice were inoculated intranasally with 1 � 106 CFU of either Bb-pEmpty or Bb-pbdcA at 1, 4,
and 7 days postinfection, and bacteria were recovered and quantified by serial dilution and colony
counting. Bacterial burden was determined in lungs (A), tracheas (B), and nasal wash (C). CFU counts
in nasal-associated lymphoid tissue (NALT) samples were determined at day 4 postinfection (D). Each
symbol represents data from one mouse. Light gray dots correspond to CFU of mice infected with
Bb-pEmpty found dead at day 7 and excluded from statistical analysis. Results are means and
standard errors of the means (SEM). *, P # 0.05; **, P # 0.01; ***, P # 0.001; ****, P # 0.0001. P
values were determined by two-tailed unpaired t test.
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the proinflammatory cytokines gamma interferon (IFN-g) and tumor necrosis factor alpha
(TNF-a), associated with a Th-1 profile, were 1 to 2 log higher in Bb-pEmpty-infected mice
than Bb-pbdcA-infected ones throughout the experiment (Fig. 7). IL-5, a proinflammatory
cytokine associated with a Th-2 profile, was significantly higher in lungs infected with Bb-

FIG 7 Bb-pbdcA induced a milder proinflammatory immune response. Murine cytokines were detected
in supernatants of lung homogenates at days 1, 4 and 7 postinfection. (A) IFN-g, (B) TNF-a, (C) IL-1b ,
(D) IL-6, (E) IL-5, and (F) IL-10 were measured by Meso Scale Discovery’s V-plex Plus proinflammatory
panel 1 mouse multiplex kit. Group comparisons were analyzed by one-way ANOVA followed by
Tukey’s multiple-comparison test. Each symbol represents data from one mouse. Results are means and
SEM. *, P # 0.05; **, P # 0.01; ***, P # 0.001; ****, P # 0.0001.

FIG 6 Bb-pbdcA recruited fewer infiltrating phagocytes to the site of infection. Immune cells were
measured by flow cytometry at 1, 4, and 7 days postinfection. Neutrophils were identified as Gr-
1high CD11b1. Monocytes were identified as Gr-1mid CD11b1. (A) Proportion of neutrophils in lung
homogenates. (B) Proportion of monocytes in lung homogenates. (C) Proportion of neutrophils in
blood. Group comparisons were analyzed by one-way ANOVA followed by Tukey’s multiple-
comparison test. Each symbol represents data from one mouse. Results are means and SEM. *,
P # 0.05; **, P # 0.01; ***, P # 0.001.
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pEmpty than in Bb-pbdcA-infected ones at days 1, 4, and 7 postinfection (Fig. 7). Also, Bb-
pEmpty-infected mice exhibited a great increase in the levels of the Th-17-associated cyto-
kines interleukin 1b (IL-1b), IL-6, and IL-10 compared to Bb-pbdcA-infected mice (Fig. 7).
The proinflammatory cytokines IL-1b and IL-6 were about 1 log higher at days 1, 4, and 7
postinfection in lungs infected with Bb-pEmpty than those with Bb-pbdcA (Fig. 7).
Interestingly, Bb-pEmpty-infected mice showed increases of 50, 55, and 70% in the levels
of IL-10 compared to Bb-pbdcA-infected mice at days 1, 4, and 7 postinfection (Fig. 7). IL-10
is an anti-inflammatory cytokine known to be positively regulated by Bordetella TTSS that
promotes bacterial colonization (38).

Overall, these data suggest that B. bronchiseptica with high c-di-GMP levels fails to
induce a strong proinflammatory response.

DISCUSSION

The second messenger c-di-GMP coordinately regulates many phenotypes in differ-
ent bacteria. In general, the mechanism of regulation involves c-di-GMP binding to a
protein. Once it is bound, conformational changes are observed in the protein that
elicit a response. When the protein is part of an adhesin regulator system, surface-
related phenotypes are involved; when a transcription factor changes its conformation,
a different array of genes is expressed. The c-di-GMP network has been extensively
studied, and it has been revealed to be complex and intricate. However, different bac-
teria do not frequently share mechanisms to regulate the same phenotype. B. bronchi-
septica motility and biofilm formation may be regulated by c-di-GMP by still-unknown
mechanisms (16, 17).

In this study, we used shotgun proteomics and RNA sequencing approaches to find
proteins involved in c-di-GMP-regulated phenotypes in B. bronchiseptica. To artificially
manipulate the intracellular c-di-GMP levels, we expressed from a plasmid a gene for
either a DGC (bdcA) or a PDE (pdeA). We described BdcA previously, and in this study,
we describe PdeA for the first time (Fig. 1). Consistent with a high number of enzymes
that synthetize and degrade c-di-GMP, not all DGCs or PDEs are involved in the regula-
tion of all c-di-GMP-related phenotypes. Therefore, a possible limitation of the present
work is that some proteins, regulated by c-di-GMP, are not regulated by BdcA or PdeA.
We hypothesized that overexpression of these genes would overcome this possible
limitation.

Using shotgun proteomics and label-free quantification, we detected 64 different
proteins in B. bronchiseptica regulated by differences in the intracellular c-di-GMP con-
centration. RNA-seq revealed a total of 358 genes differentially expressed between Bb-
pbdcA and Bb-pEmpty. Proteins with different expression profiles belong to different
groups, such as metabolic proteins, adhesins, virulence factors, chaperones, or shock
proteins (Fig. S1), indicating that c-di-GMP can modulate different phenotypes.

High levels of c-di-GMP repressed a group of proteins involved in energy metabo-
lism an average of 6-fold compared to the wild-type strain. Interestingly, NadC is
downregulated when the c-di-GMP levels are high. NadC is a quinolinate phosphoribo-
syltransferase recently described in Bordetella as essential for a quinolinate salvage
pathway (39). NAD metabolism plays an important role in B. bronchiseptica physiology,
but Bordetella species lack the nadA and nadB genes needed for de novo NAD biosyn-
thesis (39). Therefore, to synthesize NAD, Bordetella has at least two salvage pathways,
in which the NAD precursor nicotinic acid mononucleotide is made either via NadC or
via PncB, a nicotinic acid phosphoribosyltransferase. Our results suggest that under
high-c-di-GMP conditions, PncB salvage pathways may be preferred.

Among the proteins that were downregulated in low c-di-GMP levels, we found
BB2881, a putative bacterioferritin comigratory protein (BCP). BCPs are members of the
peroxiredoxins, thiol-specific antioxidant proteins that play an important role in reactive
oxygen species (ROS) detoxification. Label-free quantification showed that BB2881 is
downregulated 5.6-fold compared to in the wild-type strain, suggesting that c-di-GMP may
be involved in resistance to the host ROS response. The small amount of protein detected
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correlates with a very low level of bb2881 transcription under pdeA expression (25-fold
compared to wild-type levels, determined by RT-qPCR) (Fig. 3A). Expression of BB2881
appears to be regulated only by c-di-GMP absence: when c-di-GMP levels were high,
BB2881 expression was not activated. A hypothesis including a transcription factor inhib-
ited by c-di-GMP can be considered to support these experimental data.

Many virulence factors have been described for B. bronchiseptica. When the cyto-
solic fraction of Bb-ppdeA or Bb-pbdcA was analyzed, some virulence factors were up-
regulated in low c-di-GMP concentrations or vice versa. Specifically, some adhesins
were regulated by c-di-GMP levels. We previously showed that a large adhesin, BrtA, is
regulated by c-di-GMP, like its homologous system of Lap proteins in Pseudomonas flu-
orescens (37). In this work, we observed in Bb-pbdcA the downregulation of two pro-
teins involved in filamentous hemagglutinin (FHA) secretion: SecB (BB0295) and DegP
(BB3749). DegP is a protease involved in FHA maturation, cleaving the N-terminal portion
of FHA (27). Once cleaved, the resulting protein, called the FHA clipped product, is the sub-
strate for another protease, CtpA. Interestingly, CtpA is slightly but significantly downregu-
lated in Bb-ppdeA (FC, 2.2) under low-c-di-GMP conditions. After CtpA cleaves N-terminal
FHA, the adhesin is either released from the bacterial surface or, if the bacteria are grown
for extended periods of time, cleaved by another protease, SphB1, to produce mature FHA
that is released. Overall, these results suggest that c-di-GMP might be involved in the secre-
tion and detachment of FHA from the bacterial surface, regulating protease activity.

We also observed that another adhesin, BipA, was downregulated in low c-di-GMP
concentrations. Regulation of bipA by the BvgAS system has been described widely,
but its function during infection remains uncertain. Deletion of this protein from B.
bronchiseptica results in nonsignificant defect during infection in the murine model
(40). Bordetella holmesii BipA plays an essential role in preventing autoagglutination
and promoting biofilm formation indirectly, since BipA is one of the most abundant
surface proteins in this Bordetella specie (41). Since BipA is an intermediate-phase
adhesin and we observed that biofilm formation was diminished in the intermediate
phase when pdeA was overexpressed, we speculate this may be due to downregulation
of adhesins such FHA, BrtA, and BipA in Bb-ppdeA. Notably, no differences in RNA-seq
analysis were observed in Bb-pbdcA regarding adhesin expression, suggesting a post-
transcriptional regulation by c-di-GMP levels or c-di-GMP-related proteins.

The regulation of TTSS by DGCs or PDEs has been described in other pathogens (18,
42–46). The regulation mechanism of TTSS locus expression and posttranscriptional modifi-
cation of proteins by the c-di-GMP are partially understood. In Salmonella enterica serovar
Typhimurium and Pseudomonas spp., transcriptional and posttranscriptional regulation
was described (42–45). Interestingly, the Römling group demonstrated that DGC activity is
unnecessary for TTSS activity inhibition in S. enterica (42, 43). However, Moscoso et al. (44)
concluded after analyzing TTSS activity in different mutants that c-di-GMP levels regulates
TTSS in P. aeruginosa. Also, Yi and coworkers demonstrated that deletion of a PDE inhibits
TTSS expression in Dickeya dadantii: while a wild-type PDE restored expression, a null activ-
ity mutant did not, suggesting the importance of PDE activity for regulation (46).

Considering that we observed differences in bacteria overexpressing either a DGC
or a PDE, we propose that c-di-GMP levels may regulates TTSS activity at the transcrip-
tional level in B. bronchiseptica.

One TTSS protein exclusively expressed in Bordetella spp. is Bsp22, which is located
at the tip of the injectosome. Disruption of bsp22 affects long-term colonization levels
in the tracheas of immunocompetent mice (47). Interestingly, expression of bsp22 is
present in a significant proportion of clinical isolates but not in common laboratory-
adapted strains of B. pertussis (48). Here, we showed for the first time that bsp22
expression is downregulated by intracellular c-di-GMP levels. We observed significant
downregulation in bsp22 expression in both proteomic and transcriptomic experi-
ments, and we confirmed these results by Western blotting and RT-qPCR (Fig. 3). We
also found that btc22 is downregulated in the presence of high c-di-GMP levels (FC of
2) (Table S1). Btc22 is a chaperone that influences the secretion and intracellular
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stability of Bsp22 (49). Consistent with these results, transcriptomic analysis indicates
that the cluster of genes in the TTSS locus is regulated by c-di-GMP. This cluster
includes genes that encode extracellular components of the translocation needle, the
membrane-penetrating translocon and other secreted apparatus components. This
cluster is regulated by the anti-sigma factor BtrA (also called BspR) and BvgS and has
been named cluster 4b (50). BtrA binds and antagonizes BtrS, a BvgAS-regulated
extracytoplasmic function (ECF) sigma factor. In this study, we demonstrated that high
c-di-GMP levels downregulate TTSS transcription and translation. Although bspR and
btrS mRNA were detected in RNA-seq analysis, no significant differences in expression
were observed between strains.

Also present in cluster 4b, bcr4 was downregulated by high c-di-GMP levels. Bcr4
strongly stimulates the production of type III secreted proteins (51).

As previously reported, the B. bronchiseptica TTSS is important for virulence and it is
required for the induction of macrophage apoptosis in vitro (47). We found that c-di-GMP-
mediated regulation is important for TTSS-mediated cytotoxicity. In vitro experiments with
immortalized J774.1 macrophages demonstrated that high c-di-GMP levels correlated with
diminished cytotoxicity (Fig. 4D).

Given the importance of TTSS during infection and that of the other virulence factors
and phenotypes regulated by c-di-GMP, we decided to further investigate if c-di-GMP regu-
lation plays a key role in B. bronchiseptica pathogenesis. The strain with high c-di-GMP lev-
els, Bb-pbdcA, was able to infect mice, but fewer viable bacteria were recovered from the
respiratory tract than with Bb-pEmpty-infected mice.

The importance of TTSS in B. bronchiseptica infection was previously described.
Nagamatsu and coworkers recovered fewer TTSS mutant cells from the lungs of mice 2
and 7 days after infection (38). Also, lower levels of TTSS and bsp22 mutants were
recovered from the tracheas of mice 7 days postinfection in experiments reported by
Yuk and coworkers (47). The differences in bacterial colonization that we describe in
this work between the wild type and bacteria with high c-di-GMP levels seem to corre-
late with the infection kinetic of TTSS mutants.

Bb-pEmpty-infected lungs were notably more inflamed than Bb-pbdcA-infected
ones and exhibited higher levels of infiltrating phagocytes and proinflammatory cyto-
kines (IL-6, IL-5, IL-1b , IFN-g, and TNF-a), indicating that Bb-pbdcA triggered a milder
immune response than Bb-pEmpty.

Interestingly, we observed downregulation of IL-10 secretion in Bb-pbdcA infected mice.
Low IL-10 levels correlate with results observed in mice infected with a bopN mutant (38).
BopN is a TTSS factor that, once translocated to the nucleus, downregulates mitogen-
activated protein kinases. A BopN-deficient strain was unable to induce IL-10 production in
mice, resulting in the elimination of bacteria. Unlike what we observed in Bb-pbdcA
infected mice, absence of BopN stimulates IFN-g in the lungs of C57BL/6J mice (38). This
suggests that IL-10 inhibition by c-di-GMP may be through TTSS regulation, while the sec-
ond messenger could regulate IFN-g inhibition by another network. It is well established
that disruption of IFN-g signaling during a murine infection with B. pertussis results in a le-
thal disseminating disease (52). Mice infected with Bb-pbdcA had lower levels of IFN-g than
the parental strain, but mice were able to control the infection. Our results suggest that B.
bronchiseptica with artificially high intracellular c-di-GMP levels exhibited mild virulence,
resulting in an inability to persist within the host. In conclusion, when the intracellular lev-
els of c-di-GMP were constitutively high, the bacteria were eliminated from the mice, not
because the immune response was greater, but probably because the bacteria could not
proceed in the infection process. This result is in agreement with other reports for many
species where elevated c-di-GMP levels are associated with attenuated virulence. For exam-
ple, high c-di-GMP levels inhibit Francisella novicida virulence in mice and intracellular repli-
cation in macrophages (53). Also, in a mouse model of Brucella melitensis infection, deletion
of all DGCs increases virulence, whereas deletion of all PDEs reduces it (18).

Our results demonstrate that c-di-GMP levels in B. bronchiseptica are intimately
involved in virulence regulation. High levels of the second messenger inhibit the
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expression of many virulence factors, such as iron-related proteins, adhesins, and the
TTSS, by still-unknown mechanisms. Of note, we describe c-di-GMP-mediated regula-
tion from an unregulated situation: artificially high or low c-di-GMP levels were used. It
is expected that in a normal physiological situation, each DGC or PDE, at a certain
moment, will activate or repress a group of proteins, corresponding to a specific phe-
notype. How B. bronchiseptica detects the appropriate time to activate a particular c-
di-GMP network is a topic that needs further investigation.

MATERIALS ANDMETHODS
Protein structure prediction. Prediction was performed with Alphafold software using Colab inter-

phase (54).
Bacterial strains and growth conditions. Strains and plasmids used in this study are listed in Table

1. B. bronchiseptica was grown routinely on Bordet-Gengou agar (Difco) supplemented with 15% defibri-
nated fresh sheep blood (BGA) at 37°C for 48 h. Hemolytic colonies were selected, restreaked onto
another BGA plate, and incubated for 24 h at 37°C. When needed, Stainer-Scholte (SS) liquid medium
was used to grow B. bronchiseptica (23). When appropriate, BGA and SS medium were supplemented
with gentamicin (50 mg mL21).

A plasmid expressing bb2664 (pdeA) was constructed as described previously using pBBR1MCS-5-pnptII
as the backbone plasmid (16). As previously reported, bb2664 was difficult to amplify by PCR, probably due
to its high GC content (13). We designed two pairs of primers to amplify 59 759-bp and 39 853-bp oligonu-
cleotide fragments with overlapping sequences (Table S3; Fig. S5). Both PCR products were mixed with
pMQ72 plasmid, and recombination was allowed with the yeast cloning system (55). The final plasmid
obtained was confirmed by sequencing. The complete bb2664 gene was excised by digestion with EcoRI and
HindIII and introduced in pBBR1MCS-5-pnptII by ligase reaction to obtain ppdeA.

B. bronchiseptica strains harboring plasmids were obtained by conjugation between wild-type B.
bronchiseptica and E. coli S17-1 carrying the plasmids. Transformants were selected on BGA supple-
mented with streptomycin (200 mg mL21) and gentamicin (50 mg mL21).

In vitro PDE activity assays. B. bronchiseptica strains carrying pEmpty or ppdeA overexpression plas-
mids were grown in SS liquid medium at 37°C overnight. Cultures were harvested by centrifugation at
4,500 � g for 15 min and resuspended in phosphate-buffered saline (PBS) with 1 mM phenylmethylsul-
fonyl fluoride (PMSF) and 500 mg of 0.1-mm glass beads. Cells were lysed by disruption at 6,500 rpm
using 2 cycles of 20 s each on a Precellys 24 homogenizer (Bertin Instruments) and then centrifuged at
9,000 � g for 20 min at 4°C. The supernatant (crude cell extract) was used in PDE activity assays as
described previously using the synthetic substrate bis-(p-nitrophenyl) phosphate (bis-pNPP) (56). A vol-
ume of 80 mL of crude cell extract was incubated for 60 min at 37°C in a 400-mL reaction mixture con-
taining 50 mM Tris-HCl (pH 7.5), 20 mM MgCl2, and 5 mM bis-pNPP. The release of p-nitrophenol was
quantified at 410 nm in a spectrophotometer. The protein concentration in crude cell extract was deter-
mined with a standard Bradford reagent assay (Bio-Rad). Activity means were analyzed for significance
using a one-way analysis of variance (ANOVA) with Tukey’s multiple-comparison test to compare differ-
ences among groups. A Shapiro-Wilks test was performed to confirm normal distribution of data.
Significance levels are stated in the figure legends.

Biofilm assays. B. bronchiseptica biofilm assays were performed as previously described by our
group (16). Briefly, bacteria were resuspended in SS liquid medium to an optical density at 650 nm
(OD650) of 0.1, pipetted into a sterile 96-well U-bottom microtiter plate (polyvinylchloride), and incubated
statically at 37°C for 24 h. After incubation, attached cells were stained with 0.1% (wt/vol) crystal violet
solution. After a 30-min incubation, the solution was removed, and the plate was rinsed with deionized
water. The remaining biofilm-associated stain was dissolved by adding 120 mL of 33% acetic acid solu-
tion and then quantified by measuring absorbance at 595 nm. Experiments were repeated with a mini-
mum of 3 biological replicates and 6 technical replicates. Means were analyzed for significance using a
one-way ANOVA with Tukey’s multiple-comparison test to compare differences among groups. A

TABLE 1 Plasmids and strains used in this work

Plasmid or strain Description Reference
Plasmids
pBBR1MCS-5-nptII pBBR1MCS-5 with nptII promotor 16
pbdcA pBBR1MCS-5-nptII with bdcA downstream promotor nptII 16
ppdeA pBBR1MCS-5-nptII with BB2664 (pdeA) downstream promotor nptII This work

B. bronchiseptica strains
BbWT Wild type strain; 9.73H1 Smr 65
BbbvgA2 Bb9.73H1 strain with the gene bvgA interrupted by pK18mob insertion 16
Bb-pEmpty Bb9.73H1 wild-type strain with pBBR1MCS-5-nptII 16
Bb-pbdcA Bb9.73H1 wild-type strain with pbdcA 16
Bb-ppdeA Bb9.73H1 wild-type strain with ppdeA This work
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Shapiro-Wilks test was performed to confirm normal distribution of data. Significance levels are stated in
the figure legends.

Sample preparation for proteomic analysis. B. bronchiseptica was cultivated in SS medium supple-
mented with appropriate antibiotics at 37°C and incubated with shaking at 160 rpm for 18 h. Cells were
collected by centrifugation (9,000 � g, 20 min) and resuspended in buffer (10 mM MgCl2, 20 mM Tris-
HCl [pH 8.0]). Cells were disrupted using glass beads on a Precellys 24 homogenizer as described above.
The intact cells were removed by centrifugation (10,000 � g; 30 min; 4°C), and the supernatant was
retained. The samples were next centrifuged (100,000 � g; 1 h; 4°C). The resulting supernatant, enriched
in cytosolic proteins, was subjected to DNase and RNase treatment and concentrated by acetone precip-
itation. Samples were stored at 280°C until trypsinization.

Orbitrap procedure. Samples were resuspended to a final protein concentration of 1 mg mL21 in
50 mM ammonium bicarbonate, pH 8.0, and were reduced with dithiothreitol (40 mM in 50 mM ammo-
nium bicarbonate) at 56°C for 60 min and then alkylated with freshly prepared iodoacetamide (22 mM in
50 mM ammonium bicarbonate) at room temperature in the dark for 60 min. Samples were digested
overnight at 37°C with a final concentration of 2 ng mL21 trypsin (Promega V5111). Peptides were
desalted with ZipTip C18 columns (Millipore) and resuspended in 12 mL of 0.1% formic acid in water.
Three independent biological replicates for each strain were analyzed.

Aliquots of samples were injected onto an Easy-Spray PepMap rapid-separation liquid chromatography
(RSLC) column (Thermo Scientific) (2mm, 100 Å, 75mm by 500 mm) coupled to a Q-Exactive mass spectrom-
eter (Thermo Scientific) and Orbitrap analyzer. The flow rate used for the nano column was 300 nl min21,
and the solvent range was from 7% B (5 min) to 35% (240 min). Solvent A was 0.1% formic acid in water,
whereas B was 0.1% formic acid in acetonitrile. The injection volume was 2 mL. Online mass spectrometry
(MS) analysis was carried out in a data-dependent mode. Full-scan mass spectra were acquired in the
Orbitrap analyzer. The scanned mass range was 400 to 1,800 m/z, at a resolution of 70,000 at 400 m/z, and
the 12 most intense ions in each cycle were sequentially isolated (using a dynamic exclusion list), fragmented
by high-energy collisional dissociation (HCD) and measured in the Orbitrap analyzer. Peptides with a charge
of11 or with an unassigned charge state were excluded from fragmentation for MS2.

The raw files obtained from Orbitrap MS/MS were imported into the label-free quantification (LFQ)
MaxQuant search engine. For protein identification in MaxQuant, the database search engine Andromeda
was used to search MS/MS spectra against the B. bronchiseptica RB50 proteome downloaded from the
UniProt database (UP000001027), with a tolerance level of 6 ppm for MS and 20 ppm for MS/MS. Trypsin/P
was set as the enzyme, and a maximum of two missed cleavages was allowed. Protein N-terminal acetylation
and oxidation of methionines were set as variable modifications, and carbamidomethylation of cysteines was
set as a fixed modification. The default setting was used for all other configurations.

Protein processing and Orbitrap data acquisition were performed by the Center of Chemical and
Biological Studies by Mass Spectrometry (Centro de Estudios Químicos y Biológicos por Espectrometría
de Masa [CEQUIBIEM], National University of Buenos Aires). Raw data were analyzed using the Maxquant
software (version 1.5.3.30). Statistical analysis of MaxQuant output was performed by Perseus software
(version1.5.6.0; Max Planck Institute, Germany) (57, 58).

RNA isolation and RNA-seq. B. bronchiseptica grown in SS medium as described above was pelleted
by 13,000 rpm for 30 s, and supernatant was discarded. The pellet was resuspended in RNAprotect bac-
terial reagent (Qiagen) and centrifuged at 14,000 rpm for 3 min, and pellets were stored at 280°C. Three
biological replicates were prepared for each strain.

RNA isolation was performed using the RNA snap method as described by Stead et al. and adapted
for RNA sequencing by Damron et al. (59, 60). Briefly, cell pellets were resuspended in RNA extraction so-
lution (18 mM EDTA, 0.025% SDS, 1% 2-mercaptoethanol, 95% formamide) by vortexing vigorously,
incubated at 95°C for 7 min for cell lysis, and pelleted by centrifugation at 16,000 � g for 5 min at room
temperature. The supernatant containing RNA was pipetted into a fresh tube, and RNA was then purified
using an RNeasy minikit (Qiagen) as specified by the manufacturer’s instructions.

To remove contaminating DNA, the samples were treated with a Turbo DNA-free kit (Ambion), according
to the manufacturer’s instructions for rigorous DNase treatment, and the RNA was reisolated with another
RNeasy column. RNA concentration was measured using a Qubit 3.0 fluorometer, and the samples were con-
firmed as being DNA free by RT-qPCR amplification (with recA specific primers) (Table S3).

Total RNA was treated with the Ribo-Zero kit (Illumina) for rRNA depletion, and the libraries were
prepared using ScriptSeq (Illumina). The libraries were sequenced on an Illumina HiSeq instrument at
the Marshall University Genomics Core facility (Huntington, WV, USA).

RNA-seq analysis was performed using CLC Genomics Workbench 9.5.4. A total of 25 million 2 �
150-bp reads were devoted to each sample. All reads were trimmed based on quality scores with stand-
ard settings and mapped to the B. bronchiseptica RB50 reference genome (RefSeq no. NC_002927.3).
Only paired reads were counted toward expression analysis. Genes displayed were filtered such that
they must be significant (EDGE test, P value , 0.05) compared to the wild type.

RT-qPCR. cDNA was synthesized using Moloney murine leukemia virus (M-MLV) reverse transcrip-
tase (Promega) according to manufacturer’s instructions, using 500 ng of RNA and gene-specific
reverse primers for each target. All primers used are listed in Table S3. qPCR mixtures were set up with
Excella SYBR green PCR master mix (Worldwide Medical Products), per the manufacturer’s instructions,
using 1 mL of cDNA. Three technical replicate reactions were run per target gene per sample on a Step
One Plus qPCR thermocycler (Applied Biosystems). Primers were designed on Primer3 and checked for
specificity by PCR (61). Gene expression was normalized with recA, which is constitutively expressed,
using the 22DDCT method as described before (16). For statistical analysis, the difference in cycle
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threshold (DCT) of the three biological replicates with three technical replicates each was calculated
and Student's t test was performed.

Western blotting. Overnight B. bronchiseptica cultures grown in SS medium with the appropriate
antibiotics were harvested by centrifugation (9,000 � g; 20 min), and supernatants were recovered and
filtered through a low-binding protein filter with a 0.22-mm pore size. Samples were concentrated with
Amicon Ultra centrifugal filter (molecular weight cutoff [MWCO], 10 kDa), normalized according to cul-
ture OD650, subjected to SDS-PAGE, and transferred onto polyvinylidene difluoride (PVDF) membranes
by Western blotting. Proteins were detected on the membrane using polyclonal sera against Bsp22
kindly donated by M. E. Gaillard (62). Membrane-bound antibodies were detected using the Clarity
Western enhanced chemiluminescence (ECL) substrate (Bio-Rad) and exposure to film (Blue XB-1; Kodak,
Rochester, NY). Film images of Western blots were digitalized.

Cytotoxicity assay. Cytotoxicity assays were conducted on J774A.1 macrophage-like cells, using the
Pierce LDH cytotoxicity assay kit (Thermo Scientific) and following the manufacturer’s protocols. J774A.1
macrophages were grown in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin-streptomycin, in 5% CO2 at 37°C. A total of 104 cells were seeded
in triplicate in 96-well plates. Bacteria were grown overnight in SS liquid medium with shaking at
160 rpm at 37°C, diluted with DMEM with 10% FBS, and added to the cells at multiplicities of infection
(MOI) of 10:1 and 100:1. The plates were centrifuged at 300 � g for 5 min and then incubated for 4 h in
5% CO2 at 37°C. P values were calculated using an unpaired one-tailed Student's t test.

Murine respiratory infection model. Five-week-old outbred CD1 mice were used as a model for in
vivo respiratory infection by B. bronchiseptica. Bacteria grown overnight on SS medium at 36°C were diluted
to provide a challenge dose of 106 CFU/20 mL. Mice were anesthetized by intraperitoneal injection of keta-
mine (7.7 mg kg21) and xylazine (0.77 mg kg21) in 0.9% saline, and 10 mL of the bacterial suspension was
pipetted directly into each nostril. At days 1, 4, and 7 postchallenge, four mice from each challenged group
were euthanized. Euthanasia was performed by intraperitoneal injection of pentobarbital.

Cardiac puncture was performed to collect blood. BD Microtainer tubes with K2EDTA (BD) were used
to collect blood for complete blood cell counts and flow cytometry. The hematology profiles were
obtained using a Hemavet 950FS (Drew Scientific). Lungs, tracheas, and NALT were removed aseptically
and homogenized for determination of the number of viable bacteria in those tissues. Lungs weights
were recorded prior to homogenization. Lung homogenates were pelleted and the supernatants were
collected and stored at 280°C for cytokine analysis. One milliliter of sterile PBS was used to flush mouse
nares and collected for determination of bacterial burden. Serial dilutions in PBS of lung homogenate,
trachea, nasal wash, and NALT were plated on BGA containing 200 mg/mL streptomycin for determina-
tion of viable bacteria and incubated for 3 days at 37°C. Duplicates were plated on BGA with 50 mg/mL
gentamicin to confirm plasmid presence in bacteria. All murine infection experiments were performed
according to protocols approved by the West Virginia University Animal Care and Use Committee (proto-
col no. 1602000797). Data were analyzed using GraphPad Prism 6, and comparisons between two
groups were performed using an unpaired Student's t test.

Flow cytometry. Cells isolated from blood and lung homogenates were analyzed by flow cytometry.
Lung homogenate samples were diluted in 4 mL of PBS, filtered through a 100-mm cell strainer, and centri-
fuged at 1,000 � g for 5 min to pellet cells. The cells were resuspended in red blood cell (RBC) lysis buffer
(BD Pharm Lyse), incubated at 37°C for 2 min, and pelleted again. After the supernatant was discarded, cells
were resuspended in PBS with 1% (vol/vol) FBS and Fc Block for Fc receptor blocking and incubated 15 min
on ice. Cell suspensions were mixed with the antibody cocktails, incubated for 1 h at 4°C in the dark, washed,
and finally resuspended in PBS. Blood collected in EDTA-containing tubes was treated with Pharm Lyse (BD)
with a 15-min room temperature incubation to lyse red blood cells and then prepared for flow cytometry as
described above. The antibodies used were phycoerythrin (PE)-conjugated Gr-1 and BB515-conjugated
CD11b. After the incubation, the cells were washed with fluorescence-activated cell sorting (FACS) buffer (1%
FBS in PBS) and resuspended in fixation buffer (0.4% paraformaldehyde) overnight at 4°C. Prior to running
the samples, fixed cells were washed and resuspended in FACS buffer. Samples were processed using LSR
Fortessa flow cytometer (BD Biosciences) and analyzed using FlowJo (FlowJo, LLC). The flow cytometry gating
strategy for myeloid cells from murine lungs was adapted from the work of Zaynagetdinov et al. (63).
Statistical analyses were performed using GraphPad Prism 6, and comparisons between groups were per-
formed by one-way ANOVA followed by Tukey’s multiple-comparison test.

Cytokine analysis. The cytokines concentrations in the lung’s homogenates were determined by a
quantitative survey analysis using the Meso Scale Discovery V-PLEX proinflammatory panel 1 mouse kit
(IFN-g, IL-1b , IL-2, IL-4, IL-5, IL-6, IL-10, IL-12p70, KC/GRO, and TNF-a) and the mouse IL-17 ultrasensitive
kit, per the manufacturer’s instructions. Statistical analyses were performed using GraphPad Prism 6, and
comparisons between groups were performed by ANOVA followed by Tukey’s multiple-comparison test.

Ethics statement. Animal work in this study was carried out in strict accordance with the recom-
mendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health
(64). The West Virginia University Institutional Animal Care and Use Committee (IACUC) approved the
protocols and this research under the IACUC protocol 1602000797.

Data availability. The mapped reads are available at the Sequence Read Archive (SRA) under
BioProject accession number PRJNA836179. Supplemental material is available for download at http://
sedici.unlp.edu.ar/handle/10915/135429.
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