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Abstract 

Introduction: The prevention and control of Actinobacillus pleuropneumoniae in commercial production settings is based 

on serological monitoring. Enzyme-linked immunosorbent assays (ELISAs) have been developed to detect specific antibodies 

against a variety of A. pleuropneumoniae antigens, including long-chain lipopolysaccharides (LPS) and the ApxIV toxin, a repeats-

in-toxin (RTX) exotoxin unique to A. pleuropneumoniae and produced by all serovars. The objective of this study was to describe 

ApxIV antibody responses in serum and oral fluid of pigs. Material and Methods: Four groups of pigs (six pigs per group) were 

inoculated with A. pleuropneumoniae serovars 1, 5, 7, or 12. Weekly serum samples and daily oral fluid samples were collected 

from individual pigs for 56 days post inoculation (DPI) and tested by LPS and ApxIV ELISAs. The ApxIV ELISA was run in three 

formats to detect immunlgobulins M, G, and A (IgM, IgG and IgA) while the LPS ELISA detected only IgG. Results: All pigs 

inoculated with A. pleuropneumoniae serovars 1 and 7 were LPS ELISA serum antibody positive from DPI 14 to 56. A transient 

and weak LPS ELISA antibody response was observed in pigs inoculated with serovar 5 and a single antibody positive pig  

was observed in serovar 12 at ≥35 DPI. Notably, ApxIV serum and oral fluid antibody responses in pig inoculated with serovars  

1 and 7 reflected the patterns observed for LPS antibody, albeit with a 14 to 21 day delay. Conclusion: This work suggests  

that ELISAs based on ApxIV antibody detection in oral fluid samples could be effective in population monitoring for  

A. pleuropneumoniae. 
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Introduction 

Actinobacillus pleuropneumoniae is an important 

bacterial respiratory pathogen of swine causing acute 

fibrinohaemorrhagic and necrotising pleuropneumonia 

(17).  In addition, A. pleuropneumoniae is often involved 

in the porcine respiratory disease complex,  

a multifactorial infection resulting from the combination 

of primary and secondary respiratory pathogens (3, 4, 

17, 44). Transmission of A. pleuropneumoniae among 

swine is commonly ascribed to exposure to 

contaminated respiratory secretions, and/or aerosols (11, 

55). More recent  publications have described 

environmental contamination of commercial swine 

production systems with A. pleuropneumoniae, which 

raises the possibility of indirect routes of transmission (32). 

Two A. pleuropneumoniae biotypes have been 

identified on the basis of the nicotinamide adenine 

dinucleotide (NAD or V-factor) requirement for growth: 

biotype I (NAD-dependent) and biotype II (NAD- 

independent) (43). A. pleuropneumoniae is further 

divided into 15 serovars on the basis of capsular 

polysaccharide antigen composition (2, 42). Recently,  

a 16th serovar was proposed following the recovery of an 

APP isolate that did not fit the current classification 

criteria from swine with pleuropneumonia (6). The 

degree of virulence among serovars is variable and 

dependent on several factors, including capsular 

polysaccharides (CP), lipopolysaccharides (LPS), outer 

membrane proteins, and the repeats-in-toxin (RTX) 

exotoxins, e.g. ApxI, II, III, and IV, produced by all 

serovars albeit in different combinations (14, 22, 48). 

© 2017 W. González al. This is an open access article distributed under the Creative Commons Attribution-
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The Apx toxins are highly immunogenic, i.e. induce 

antibody production (14, 48). Importantly, the ApxIV 

toxin is unique to A. pleuropneumoniae and is produced 

by all serovars (48). The expression of ApxIV is 

generally considered to occur only under in vivo 

conditions (48). Hence, the ApxIV antibody response 

has been used to differentiate A. pleuropneumoniae-

infected animals from those vaccinated with inactivated 

and/or subunit vaccines (21). 

The economic impact of A. pleuropneumoniae on 

the swine industry is a consequence of chronic infections 

that reduce productivity, i.e. lower feed conversion rates 

or feed intake; infections that result in acute death, 

particularly in late finishers; lesions at slaughter;  

and costs attributable to prevention, control, and/or 

elimination of A. pleuropneumoniae (51). The 

prevention and control of the A. pleuropneumoniae in 

commercial production settings is commonly based on 

the detection of A. pleuropneumoniae infections via 

serological monitoring. Several A. pleuropneumoniae 

serum antibody assays have been described and most are 

available for use in the diagnostic setting, including the 

complement fixation (CF) test, a variety of  

enzyme-linked immunosorbent assays (ELISA), and  

a fluorescent microsphere immunoassay (15). The CF 

test is a technically complex assay with poor 

performance attributes (sensitivity and specificity), for 

which reasons it is used infrequently (17). In its place, 

ELISAs have been developed to detect specific 

antibodies against a variety of A. pleuropneumoniae 

antigens, including capsular polysaccharide (CP), 

lipopolysaccharide (LPS), and Apx exotoxins (ApxI, II, 

III, IV) (18, 23, 39). 

Although serum is the historic choice for antibody 

detection and A. pleuropneumoniae surveillance,  

a variety of antibody-based assays for oral fluid 

specimens have been reported, e.g. assays for African 

swine fever virus (ASFV) (38), Erysipelothrix 

rhusiopathiae (16), influenza A virus (41), porcine 

circovirus type 2 (45), and porcine reproductive and 

respiratory syndrome virus (28). The objective of the 

present study was to describe and compare antibody 

responses specific for ApxIV in serum and oral fluid 

from pigs inoculated with A. pleuropneumoniae under 

experimental conditions using a commercial ApxIV 

antibody ELISA. 

Material and Methods 

Experimental design. Four groups of pigs (six pigs 

per group) were inoculated with A. pleuropneumoniae 

serovars 1, 5, 7, or 12. Serum samples were collected 

weekly and oral fluid samples were collected daily from 

individual pigs from the 14th day post inoculation (DPI) 

through to DPI 56. To confirm infection, serum samples 

were completely randomised and tested by long-chain 

lipopolysaccharide (LPS) ELISAs for serovars [1 (9, 11), 

5a–5b, 7 (4), and 12] at Service de Diagnostic, University 

of Montreal, Québec, Canada. Serum and oral fluid 

samples were tested for ApxIV antibody using  

a commercial assay (ApxIVAb ELISA, IDEXX 

Laboratories, USA). Statistical analyses were performed 

to compare the ApxIV responses among and within 

serovars over time.  

Animal management and housing. The 24  

14-week-old pigs used in the experiment were housed at 

the Iowa State University Livestock Infection Disease 

Isolation Facility, a facility accredited by the Association 

for Assessment and Accreditation of Laboratory Animal 

Care. All personnel involved in the experiment had 

received institutional approval for working with swine 

and conducting the procedures. Animals were observed  

a minimum of twice daily throughout the experiment. 

Upon arrival, animals were randomly assigned to 

one of the four A. pleuropneumoniae serovar groups by 

blindly selecting ear tags from a bag. Each consecutive 

sequence of six ear tag numbers was assigned to one room 

(serovar). Animals were weighed upon arrival using  

a portable electronic scale (Pelouze 4040-88 Electronic 

weighing scale, Rubbermaid Incorporated, USA) for the 

purpose of assessing general health and group 

uniformity. Pigs were individually housed in pens 

equipped with nipple drinkers and fed an antibiotic-free 

commercial diet (Heartland CO-OP, USA) once daily. 

Hard plastic balls (Otto Environmental, USA) were 

provided for enrichment. Pigs were acclimatised for 2 

weeks following placement in the facility, during which 

time they were trained for oral fluid collection. At 58 

DPI, pigs were humanely euthanised by penetrating 

captive bolt (Accles and Shelvoke, UK) followed by 

exsanguination (31). 

Sample collection. To prevent cross-contamination, 

four people performed daily feeding and oral fluid 

sampling, i.e. one person for each room (serovar). When 

it was necessary to move between rooms, e.g. for blood 

collection, personnel showered and changed coveralls, 

boots, gloves, masks, and protective eyewear between 

each room. 

Serum samples were collected as mentioned above 

using a single-use blood collection system (Kendall 

Company, USA) and then centrifuged at 1,800 × g for  

10 min. Samples were assigned a random number at the 

time of collection and stored in 2 mL aliquots at –80°C 

until tested. 

Oral fluid samples were collected daily from 

individual pigs as described elsewhere (27, 46). In brief,  

a 3-strand, 1.27 cm diameter, 100% cotton rope (Grainer 

Industrial Supply, DSM, USA) was suspended from  

a bracket fixed to the side of the pen to allow the pigs to 

chew on the rope. After 30 min, the chewed (wet) end of 

the rope was inserted into a plastic bag and severed from 

the dry portion of the rope. To harvest the fluid, the rope 

was passed through a wringer (WC38K, Dyna-

JetProducts, USA) while in the plastic bag. The fluid that 

accumulated in the bottom of the bag was then decanted 

into a 50 mL centrifuge tube (Corning Inc., USA). 

Samples were assigned a random number at the time of 

collection and stored in 4 mL aliquots at –80°C until 

tested. 
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A total of 203 serum samples were collected from 

DPI 0 to 56, after which they were completely 

randomised and tested by 4 LPS ELISAs and the ApxIV 

ELISA. A total of 1,311 oral fluid samples were 

collected from DPI -8 to 56, with a mean sample volume 

of 8.22 ± 5.6 mL (standard deviation (SD)) per pig.  

A subset of oral fluid samples (n = 1,264) were selected, 

completely randomised, and tested by ApxIV ELISA.   

Inoculum preparation. Four strains of  

A. pleuropneumoniae were used in this experiment: 

serovar 1 (ATCC 27088), serovar 5a (ATCC 33377), 

serovar 7 (WF83), and serovar 12 (9499/84). For 

propagation, the bacteria were cultured on chocolate 

agar plates (Remel, Inc., USA), incubated at 35°C with 

5%–10% CO2 for 48 h. To check for purity, bacterial 

isolates were streaked on 5% sheep blood agar plates 

(Remel, Inc.). Plates were then cross-streaked with 

Staphylococcus epidermidis and incubated at 35°C for 48 h. 

Confirmation of the A. pleuropneumoniae serovars 

used in this study was performed with slide agglutination 

tests using rabbit hyperimmune sera against  

A. pleuropneumoniae reference serovars following 

standard protocols in place at the Iowa State University 

Veterinary Diagnostic Laboratory. In brief, bacteria 

were harvested from chocolate agar plates and mixed 

with normal saline (~2.5 mL) to a McFarland turbidity 

of 0.5 (37). Thereafter, each bacterial suspension was 

dispensed onto plastic 3-well blood typing plates 

(Fisherbrand™, USA) at a rate of three drops per well to 

which one drop of each serovar-specific serotyping 

reagent was added (30). After mixing on a mechanical 

rotator (TekTator V, American Hospital Supply Corp., 

USA) for 2 min at 140 rpm, the serovar was identified 

by agglutination of the bacterial suspension with  

a specific serotyping reagent. Agglutination in more than 

one well was interpreted as an untypeable response (52). 

To prepare the inoculum, the bacteria were 

harvested from the chocolate agar plate and suspended 

in normal saline (~2.5 mL) to a McFarland turbidity of 

0.5. To estimate the bacterial concentration, six ten-fold 

serial dilutions (10-1 to 10-6) were made of the 

McFarland suspension into sterile saline. A 10 µL 

aliquot of each dilution was pipetted onto a chocolate 

agar plate and spread on the plate. After 48 h of 

incubation, the numbers of colonies were counted and 

used to estimate the colony forming units (CFU) per 

millilitre in the McFarland suspension (35, 52). 

Inoculation and post-inoculation observations. 

Prior to inoculation, all animals tested negative for  

A. pleuropneumoniae serum antibody by two 

commercial ELISAs (ApxIVAb ELISA, IDEXX 

Laboratories, USA, Swinecheck Mix-APP, Biovet, Inc., 

Canada) at the Iowa State University Veterinary 

Diagnostic Laboratory (Ames, USA). To reduce animal 

stress and facilitate handling, pigs were sedated 

immediately prior to inoculation using a solution 

formulated by reconstituting 250 mg of tiletamine and 

250 mg of zolazepam (Telazol®, Fort Dodge Animal 

Health, USA) with 2.5 mL of xylazine (Lloyd 

Laboratories, USA) (100 mg/mL) and 2.5 mL of 

ketamine (Fort Dodge Animal Health) (100 mg/mL). An 

intramuscular dose of 0.05 mL/kg of body weight 

provided approximately 20 min of sedation. Each room 

of animals (n = 6) was inoculated with one A. pleuro-

pneumoniae serovar (1, 5, 7 or 12). Animals were 

inoculated by instilling 2 mL of the inoculum 

intranasally (IN) and then swabbing the tonsils of the 

soft palate with a 16" large-tip cotton swab (Birchwood 

Laboratories, Inc., USA) saturated with 3 mL of the 

inoculum. Visualisation of the tonsils and the process of 

tonsil swabbing were facilitated with the use of an oral 

speculum. For the first 24 h post inoculation, the animals 

were observed for clinical signs and rectal temperatures 

were taken every 3 h by the same individual. Thereafter, 

clinical observations were made each morning at the 

time of oral fluid collection. Any animal exhibiting 

respiratory distress, emesis, reluctance to stand, and/or  

a rectal temperature ≥41°C at two consecutive 

observations was intramuscularly treated with ampicillin 

(Polyflex®, Boehringer Ingelheim, Vetmedica, USA) at 

a dose of 5 mg/kg. 

Serum antibody testing. To confirm infection, 

serum samples were tested at the Service de Diagnostic 

University of Montreal (Québec, Canada) with four 

long-chain lipopolysaccharide (LPS) ELISAs designed 

to detect capsular serovars [1 (as well as 9 and 11),  

5a–5b, 7 (as well as 4), and 12]. 

To detect ApxIV immunoglobulin G (IgG) 

antibody, serum samples were tested at Iowa State 

University using a commercial indirect ELISA 

(ApxIVAb ELISA, IDEXX Laboratories, USA). The 

test was performed according to the manufacturer’s 

instructions and a positive response was defined as  

a sample-to-positive (S/P) ratio ≥0.5. 

S/P ratio =
(sample OD - negative control mean OD)   

(positive control mean OD - negative control mean OD)    

The manufacturer's protocol was also followed for 

the detection anti-ApxIV IgM and IgA, but the kit IgG 

secondary antibody conjugate was replaced with goat 

anti-pig IgM or IgA horseradish peroxidase-labelled 

conjugates diluted 1:2,000 and 1:15,000, respectively. 

Oral fluid antibody testing. Prior to antibody 

testing, oral fluid samples were processed to remove 

suspended particulates by adding 1 ml of sample to  

a tube containing 100 µL of a lyophilised coagulant 

formulation (ISURF #04489). The tubes were shaken for 

1 min and centrifuged (4°C) at 1,200 × g for 3 min. The 

supernatant was tested for ApxIV antibody with  

a commercial serum antibody ApxIV ELISA (ApxIVAb 

ELISA, IDEXX Laboratories, USA) using protocols 

modified to detect ApxIV IgM, IgA, and IgG in oral 

fluids. Specifically, ELISA kit serum plate controls were 

diluted to an OD of 0.1 (negative control) and 1.3 to 1.5 

(positive control) and the ELISA kit IgG secondary 

antibody conjugate was replaced with goat anti-pig IgM, 

IgG, or IgA horseradish peroxidase-labelled conjugate 

(Bethyl, USA) diluted to 1:2,000, 1:3,000, or 1:15,000, 

respectively. To perform the test, samples were diluted 

1:2 with sample diluent (ApxIVAb ELISA, IDEXX 
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Laboratories, USA), 100 µL of each sample was added 

to each well, and the plates were incubated at 37°C for 

120 min. Plates were then washed five times, 100 µl of 

anti-pig IgG, IgM, or IgA was added to each well, and 

the plates were incubated at 37°C for 60 min. Thereafter, 

3,3',5,5'-tetramethylbenzidine substrate (100 µL) was 

added to each well and the plates were incubated at room 

temperature for 15 min. Stop solution (100 µL) was 

added to each well, after which the reaction was read at 

450 nm on an ELISA plate reader. The S/P ratios were 

calculated for each sample using the formula provided 

by the kit’s manufacturer. 

Data analysis. Statistical analyses were performed 

using a commercial package (SAS version 9.4, Institute 

Inc., USA). Repeated measure analysis of variance with 

a compound symmetry covariance structure was used to 

compare oral fluid results S/P IgG, S/P IgA, and S/P IgM 

among the four serovar groups over time. A log 

transformation was made to the response variables and 

the multivariate normality assumption was checked by 

the residual plots. Least squares means were reported for 

serovar by DPI. If a significant difference among 

serovars were detected, a post hoc test with Bonferroni 

adjustment was conducted to compare serovars by DPI. 

Additionally within each serovar, a response for each 

DPI was also compared to DPI 0. 

Results  

Clinical observations. As shown in Table 1, the 

frequency with which clinical signs were observed 

varied among serovar groups. No clinical signs were 

observed in pigs inoculated with serovar 12 at any time. 

Some or all of serovar 5 pigs were reluctant to stand 

through DPI 0 to 4, but did not exhibit other clinical 

signs. Pigs inoculated with serovars 1 or 7 exhibited 

clinical signs in the first 24 h post inoculation and 

through to DPI 11, including panting, reluctance to 

move, vomiting, anorexia, and rectal temperature 

≥41°C. All animals from these two groups were treated 

with ampicillin from DPI 4 through to DPI 11. One pig 

inoculated with serovar 1 was found dead on the 

morning of DPI 3. Postmortem examination revealed 

lesions characteristic of A. pleuropneumoniae infection, 

i.e. tonsils covered with purulent exudate, trachea and 

bronchi filled with a foamy exudate and extensive 

pleural adhesions. One pig from the serovar 7 group was 

humanely euthanised on DPI 20 due to lameness 

unrelated to A. pleuropneumoniae infection. 

LPS ELISA serum antibody responses. Serum 

samples were tested by the four LPS ELISAs, with 

positive results only observed against the serovar to 

which animals were exposed. The LPS ELISA serum 

antibody response varied significantly among serovars 

(Fig. 1, Table 2). Based on the manufacturer's 

recommended cutoff of OD ≥ 0.40, all pigs exposed to 

serovars 1 (n = 5) and 7 (n = 6) were positive from DPI 

14 through DPI 56. In serovar 5, four of six pigs were 

positive at DPIs 14, 21, 28, then two positive pigs at DPI 

35, and one positive pig at DPI 42 and later. In serovar 

12, pigs were negative by the serovar 12 LPS ELISA, 

except for one pig that tested positive on DPIs 35, 42, 

and 49. 

Within serovars, comparisons showed that all 

serovar 1 OD responses at DPI ≥ 7 were higher than  

DPI 0 OD responses (p< 0.0001). For serovars 5 and 7, 

ODs at DPI 14 and later were significantly higher than 

DPI 0 (p < 0.0001). For serovar 12, pairwise 

comparisons found no difference in mean OD responses 

when compared to DPI 0 except for DPI 49 (p = 0.038). 

Between serovars, the magnitude of LPS OD 

responses differed significantly over time (p < 0.0001). 

Comparisons by DPI detected no difference between 

serovar 1 and 7 OD responses. At DPIs 14 through 56, 

serovar 1 and 7 responses were significantly higher than 

serovars 5 and 12 (p < 0.0001). At DPIs 14 through 42, 

serovar 5 OD responses were higher that serovar 12  

(p < 0.0001). 

ApxIV ELISA serum antibody responses. The 

ApxIV serum antibody (IgG) ELISA S/P responses 

varied among serovars (Table 3). Based on the 

manufacturer's recommended cutoff (S/P ≥ 0.50), three 

of five pigs in serovar 1 and five of five pigs in serovar 

7 became positive over the course of the study. No pigs 

in serovars 5 or 12 met the manufacturer's criterion for 

positivity. 

Within serovars, all serovars 1 and 7 IgG ELISA 

S/P responses at DPI 21 and later were significantly 

higher than their DPI 0 S/P responses (p < 0.0001). In 

serovars 5 and 12, pairwise comparisons found no 

difference in S/P responses over time when compared to 

DPI 0. 

A comparison among serovars showed that the 

serovar 1 IgG S/P response was higher than serovars  

5 and 12 at DPI 28 and later (p < 0.0033). The serovar  

7 IgG S/P response was higher than the serovar  

1 response at DPI 21 (p = 0.0090) and 56 (p = 0.0301) 

and higher than serovars 5 and 12 at DPI 14 and later  

(p < 0.0040). No difference was detected in the serovar 

5 and 12 responses over time. 

Within serovars, the IgM S/P responses were higher 

than DPI 0 responses at DPI 14 (p < 0.0001) for serovars 

1 and 7 (Table 3). In serovars 5 and 12, no difference 

was found in IgM responses at any time point when 

compared to DPI 0. The serovar 7 IgM S/P response was 

higher than serovars 1, 5, and 12 at DPIs 14 and 21  

(p< 0.0020). Serovar 1 IgM S/P responses differed from 

serovar 12 at DPI 14 (p = 0.0163) and DPI 42  

(p = 0.0264). 

Within serovars, comparisons detected IgA S/P 

responses higher than DPI 0 at DPI 56 (p = 0.0373) in 

pigs exposed to serovar 1. Likewise, detectable 

differences were found on IgA responses in pigs exposed 

to serovars 5 at DPI 35 (p = 0.0485) and DPI 42  

(p = 0.0015). No detectable differences were found on 

serovars 7 and 12 when compared with DPI 0. 

Comparisons among serovars found no detectable 

difference in the magnitude of IgA S/P responses over 

time. 
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Table 1. Clinical observations following inoculation with Actinobacillus pleuropneumoniae  

  Number of pigs by day post inoculation* 

 Observation 0† 1 2 3 4 5 6 7 

S
er

o
v
ar

 1
 

Reluctant to stand  6 6 6 5 4 4 1 1 

Respiratory distress 6 6 6 5 5 5 5 5 

Emesis 5 5 5 5 5 5 5 5 

Rectal temperature ≥41 C  1 •# • • • • • • 

Anorexia  6 • 6 5 5 2 2 0 

Oral fluid collection (≥1 mL) 4 0 0 1 2 3 3 3 

S
er

o
v
ar

 5
 

Reluctant to stand 6 6 6 2 2 • • • 

Respiratory distress • • • • • • • • 

Emesis  • • • • • • • • 

Rectal temperature ≥41 C • • • • • • • • 

Anorexia  • • • • • • • • 

Oral fluid collection (≥1 mL) 6 3 3 5 5 4 5 4 

S
er

o
v
ar

 7
 

Reluctant to stand 6 6 6 6 6 6 6 6 

Respiratory distress 6 6 6 6 6 6 6 6 

Emesis  6 6 6 2 2 • • • 

Rectal temperature ≥41 C 1 • • • • • • • 

Anorexia  6 6 6 6 6 6 6 6 

Oral fluid collection (≥1 mL) 5 0 0 0 0 3 5 0 

S
er

o
v
ar

 1
2

 

Reluctant to stand • • • • • • • • 

Respiratory distress • • • • • • • • 

Emesis  • • • • • • • • 

Rectal temperature ≥41 C • • • • • • • • 

Anorexia  • • • • • • • • 

Oral fluid collection (≥1 mL) 6 5 6 6 5 6 6 5 

*Denominator is six pigs in all groups at all DPIs, except serovar 1 (one pig died on DPI 2); †First 24 h following inoculation;  
#Symbol (•) indicates not observed in any pigs in the group 

 
Fig. 1. Actinobacillus pleuropneumoniae quantitative serum antibody responses (least square means) by serovar 

over time based on serogroupcapsular long-chain lipopolysaccharide (LPS) ELISAs. APP LPS ELISA 
interpretation is based on optical density (OD): negative OD < 0.30, suspect OD 0.30 – 0.39, positive OD ≥ 0.40  

 
Table 2. Actinobacillus pleuropneumoniae qualitative serum antibody responses by serovar over time based on serogroupcapsular long-chain 
lipopolysaccharide (LPS) enzyme-linked immunosorbent assays (ELISAs)* 

  

Pig status 

Number of pigs by day post inoculation 

  Inoculum      LPS ELISA 0 7 14 21 28 35 42 49 56 

Serovar 1 
ATCC 27088 

1–9–10–11 positive 1 3 5 4 4 5 5 5 5 

 suspect 0 1 0 0 0 0 0 0 0 

  negative 5 1 0 1 1 0 0 0 0 

  no. pigs 6 5 5 5 5 5 5 5 5 

Serovar 5a 

ATCC 33377 

5a–5b positive 0 0 4 4 4 2 1 1 1 

 suspect 0 0 1 1 1 3 4 2 1 

  negative 6 6 1 1 1 1 1 3 4 

  no. pigs 6 6 6 6 6 6 6 6 6 

Serovar 7  
WF83 

4–7 positive 0 1 6 6 5 5 5 4 5 

 suspect 0 4 0 0 0 0 0 0 0 

  negative 6 1 0 0 0 0 0 0 0 

  no. pigs 6 6 6 6 5 5 5 5† 5 

Serovar 12 
9799/84 

12 positive 0 0 0 0 0 1 1 1 0 

 suspect 0 0 0 0 0 0 0 0 0 

  negative 6 6 6 6 6 5 5 5 5 

  no. pigs 6 6 6 6 6 6 6 6 6† 

*APP LPS ELISA interpretation based on optical density (OD): negative OD < 0.30, suspect OD 0.30 – 0.39, positive OD ≥ 0.40 

†Missing data on one pig 
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Table 3. Actinobacillus pleuropneumoniae ApxIV serum antibody ELISA (S/P) response over time 

  Day post inoculation 

Inoculum  Isotype 0 7 14 21 28 35 42 49 56 

Serovar 1 

ATCC 27088 

IgM 0.02 0.23 0.43* 0.29* 0.27* 0.35* 0.47* 0.41* 0.29* 

IgA 0.03 0.08 0.12 0.14 0.19 0.18 0.11 0.34 0.37* 

IgG -0.03 -0.00 0.09 0.12* 0.29* 0.49* 0.47* 0.58* 0.53* 

Serovar 5a 

ATCC 33377 

IgM 0.12 0.34 0.29 0.23 0.17 0.19 0.32 0.17 0.31 

IgA 0.05 0.11 0.16 0.17 0.19 0.35* 0.53* 0.31 0.29 

IgG -0.02 -0.00 -0.01 -0.00 -0.00 -0.00 0.01 0.00 0.02 

Serovar 7  

WF83 

IgM 0.19 0.20 1.32* 0.73* 0.44* 0.38* 0.35* 0.33* 0.25* 

IgA -0.01 0.00 0.03 0.07 0.14 0.11 0.16 0.08 0.05 

IgG -0.02 -0.00 0.24 0.36* 0.38* 0.46* 0.44* 0.63* 0.73* 

Serovar 12 

9799/84 

IgM 0.01 0.02 0.02 0.05 0.18 0.23 0.09 0.14 0.17 

IgA 0.19 0.27 0.44 0.39 0.29 0.08 0.27 0.42 0.18 

IgG -0.2 -0.02 -0.02 -0.02 0.02 0.02 -0.02 -0.02 -0.03 

*Within serovars, S/P responses were significantly higher than DPI 0 responses (ANOVA, P < 0.05) 

 
Table 4. Actinobacillus pleuropneumoniae ApxIV oral fluid antibody ELISA (S/P) response over time 

  Day post inoculation 

Inoculum  Isotype 0 7 14 21 28 35 42 49 56 

Serovar 1 
ATCC 27088 

IgM 0.05 0.07 0.06 0.15 0.05 0.04 0.04 0.02 0.02 

IgA 0.07 0.16 0.10 0.12 0.11 0.10 0.13 0.12 0.19 

IgG 0.00 0.01 -0.00 0.17* 0.23* 0.24* 0.42* 0.25* 0.21* 

Serovar 5a 

ATCC 33377 

IgM 0.07 0.03 0.06 0.06 0.13 0.05 0.05 0.03 0.02 

IgA 0.03 0.04 0.05 0.05 0.10 0.08 0.20 0.06 0.08 

IgG -0.01 -0.01 -0.00 0.00 0.00 -0.00 0.00 -0.01 -0.00 

Serovar 7  
WF83 

IgM 0.09 0.13 0.39* 0.11 0.13 0.17 0.05 0.06 0.07 

IgA 0.00 0.23 0.25* 0.11 0.30 0.56* 0.46* 0.39* 0.47* 

IgG -0.03 0.06 0.17* 0.23* 0.29* 0.60* 0.43* 0.41* 0.47* 

Serovar 12 

9799/84 

IgM 0.04 0.11 0.06 0.06 0.05 0.07 0.05 0.02 0.02 

IgA 0.04 0.10 0.08 0.08 0.09 0.12 0.08 0.05 0.07 

IgG 0.01 0.01 0.01 0.01 0.00 0.01 0.00 -0.00 -0.00 

*Within serovars, S/P responses were significantly higher than DPI 0 responses (ANOVA, P < 0.05) 
  

ApxIV ELISA oral fluid antibody responses. 

The ApxIV oral fluid antibody (IgG) ELISA S/P 

responses varied among serovars (Table 4). In serovar 1, 

the IgG S/P responses were higher than DPI 0 on DPI 15 

and later (p = 0.0096). In serovar 5, IgG S/P responses 

higher than DPI 0 were detected at DPI 41 (p = 0.0267). 

In serovar 7, S/P responses greater than DPI 0 were 

detected at DPI 14 and later (p < 0.0313). In serovar 12, 

no difference in IgG response was found at any sampling 

point when compared to DPI 0. 

Comparisons between serovars showed that the 

magnitude of the IgG S/P antibody response differed 

between serovars 1 and 7 at DPI 22 (p = 0.0229), DPI 35 

(p = 0.0013) and later. The serovar 1 IgG S/P response 

was higher than serovars 5 and 12 at DPI 16 and later  

(p < 0.0403). Likewise the serovar 7 response was higher 

than serovars 5 and 12 at DPI 15 and later (p < 0.0361). 

No difference was detected in serovar 5 and 12 

responses over time. 

In serovar 1, the IgM S/P responses were higher 

than DPI 0 at DPI 29 (p = 0.0157). In serovar 5, IgM S/P 

responses were higher that DPI 0 at DPI 3 through 11  

(p = 0.0355), and at DPI 45 (p = 0.0163) through 56  

(p = 0.0161). In serovar 7, IgM responses were higher 

than DPI 0 at DPI 13 (p = 0.0261), DPI 14 (p = 0.0157), 

and DPI 15 (p < 0.0001). In serovar 12, no difference in 

IgM response was found at any sampling point when 

compared to DPI 0. 

Comparisons between serovars showed that the 

serovar 7 IgM S/P response was higher than serovars 1, 

5, and 12 at DPIs 11 through 15 (p < 0.0488) and then 

higher than serovar 1 at DPI 43 (p = 0.0143) and DPI46 

(p < 0.0001). The serovar 1 IgM S/P response was higher 

than serovar 12 at DPI 29 (p = 0.0139). No difference 

was detected in serovar 5 and 12 responses over time 

when compared to each other. 

In serovar 1, the IgA S/P responses were higher 

than DPI 0 at DPI 44 (p = 0.0482), 52 (p = 0.0371), and 

DPI 55 (p < 0.0001). In serovar 7, IgA responses were 

higher from DPI 0 at DPIs 10 and 11 (p = 0.0307), then 

on DPIs 14–19 (p < 0.0218), DPI 30–56 (p < 0.0001). 

No detectable differences were found on serovars 5 and 

12 over time when compared with DPI 0. 

Comparisons between serovars detected no 

differences in the IgA S/P responses among serovars1, 

5, and 12 at any sampling point. The serovar 7 IgA S/P 

responses was higher than serovars 1, 5, and 12 at DPI 

23 and later (p < 0.0001). 

Discussion  

The goal of this study was to describe ApxIV-

specific antibody responses in serum and oral fluid from 

pigs inoculated with A. pleuropneumoniae under 

experimental conditions. As ApxIV is only produced by 

A. pleuropneumoniae, it is produced by all serovars and 

is highly immunogenic, i.e., produces detectable levels 

of serum antibodies in pigs (8, 12, 21). ApxIV antibody 

offers the potential to monitor A. pleuropneumoniae 

infections in the field. Detection of ApxIV antibody has 

not been previously described in swine oral fluids, 
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although oral fluid has been shown to be a suitable 

specimen for the detection of antibodies against a variety 

of pathogens, as reviewed elsewhere (27, 46). 

The outcome of inoculating pigs with A. pleuro-

pneumoniae under experimental conditions depends on 

the route and dose (1, 49). Several routes of  

A. pleuropneumoniae inoculation have been described, 

including intranasal (25, 36), endotracheal (1), 

endobrochial (26), direct application of the inoculum to 

the tonsils of the soft palate (7), and aerosol (19). 

Reproducing A. pleuropneumoniae infections under 

experimental conditions is complicated by the fact that 

lower challenge doses may not result in infection (54, 

55). On the other hand, higher doses may cause severe 

clinical signs and/or acute death (47). 

As distinct from the inoculation protocol used in this 

and other experimental studies, A. pleuropneumoniae 

infections in the field are believed to occur by direct 

contact between pigs or via aerosol exposure (11, 17). 

However, recent research has shown that the 

environment (drinking water, feed, soil) is also heavily 

seeded with A. pleuropneumoniae (32), suggesting that 

field infections may involve repeated low-dose 

exposures (55). Thus, differences among experimental 

results may reflect variability in the exposure route and 

dose under experimental conditions (24, 25, 54, 55)  

and differences between experimental results and field 

observations may result from the fact that  

experimental exposures do not reflect the mode of  

A. pleuropneumoniae transmission (dose, route, 

frequency) in the field (20). 

In the present study, animals were inoculated both 

intranasally and by direct application of the inoculum to 

the tonsils of the soft palate. The production of clinical 

signs was marked and prolonged in the two groups 

(serovars 1 and 7) exposed to A. pleuropneumoniae at  

a concentration of 1 x 106CFU/ml and mild or absent  

in groups exposed to A. pleuropneumoniae at  

a concentration of 1 x 105 CFU/ml (serovars 5 and 12). 

The kinetics of the LPS-specific serum antibody 

response has been examined in previous studies. After 

aerosol exposure to serovar 1, LPS-specific IgM was 

reported at 14 DPI, IgA at 14 to 21 DPI, and IgG at 21 

DPI (5). Following IN exposure to serovar 9, LPS-

specific IgM was detected at 7 DPI and both IgA and 

IgG at 14 DPI (29). In the current study, the LPS serum 

antibody response for serovars 1 and 7 was in agreement 

with previous reports. Specifically, an LPS-specific IgG 

response was detected as early as 7 DPI, with all animals 

seropositive by DPI 14. Thereafter, all animals remained 

seropositive through DPI 56. Thus, the LPS serum 

antibody ELISA response was compatible with 

"productive" A. pleuropneumoniae infection in animals 

inoculated with serovars 1 and 7. In contrast, a weak and 

transient LPS ELISA response was observed in animals 

inoculated with serovar 5. In serovar 12, a single animal 

was LPS ELISA positive on DPI 35, 42, and 49. These 

results are compatible with previous studies reporting 

variable success at infecting pigs with A. pleuro-

pneumoniae under experimental conditions (9, 10), even 

at very high exposure doses (40, 53). 

There are relatively few studies on ApxIV serum 

antibody ontogeny and these are based on the detection 

of ApxIV-specific IgG. Following aerosol exposure, 

ApxIVIgG was reported to be detected at 7 to 28 DPI in 

pigs inoculated with serovars 1, 5b, 6, 7, 10, or 15 (12). 

In another study, seroconversion to ApxIV was reported 

at 3 to 6 weeks post inoculation in pigs exposed to 

serovars 1, 7, or 15 by either IN or endotracheal routes 

(13). In the current study, using the ApxIV ELISA S/P 

results from DPI 0 as the basis for comparison,  

a significant increase (p < 0.05) in ApxIV antibody was 

detected in serum at 14 DPI (IgM) and 21 DPI (IgG) in 

animals inoculated with serovars 1 and 7. This pattern 

was consistent with previous reports (12, 13), and also 

followed the pattern observed for the LPS ELISA 

response in these animals. 

The results of this study suggested that the S/P 

cutoff of the commercial serum ApxIVIgG ELISA is too 

high. That is, using the manufacturer's recommended 

cutoff (S/P ≥ 0.50), "seroconversion" was delayed in 

some animals inoculated with serovars 1 or 7 up to DPI 

49. However, a limitation of the current study was the 

small number of animals. As a consequence, it was not 

possible to conduct a valid statistical analysis of test 

performance, e.g., receiver operating characteristic 

analysis, to re-calculate the ELISA cutoff and associated 

test sensitivity and specificity. 

In a previous report A. pleuropneumoniae IgA was 

detected in stimulated oral fluid samples collected 14 

DPI after the IN inoculation of pigs with serovar 2 (33), 

but there are no previous reports of ApxIV antibody in 

swine oral fluid. Using the oral fluid ApxIV ELISA S/P 

results from DPI 0 as the basis for comparison,  

a significant increase (p < 0.05) in ApxIVIgG S/P ratios 

was detected at ≥ 21 DPI in pigs inoculated with serovar 1, 

with no detectable increase in IgM or IgA. In serovar 7, 

significantly higher IgGS/P ratios were observed at  

≥ 14 DPI. In this group, a significant increase (p < 0.05) 

in the ApxIV IgM response was observed at 14 DPI and 

in the IgA response at DPI 21 and then at ≥ 35 DPI. 

Respiratory diseases are among the most important 

issues in swine health worldwide. Among other 

determinants, the increasing intensification of pork 

production and the development of large, technified pig 

farms have created conditions suitable for the spread of 

agents associated with swine respiratory diseases (34). 

The development of tools for monitoring respiratory 

infections is a key component in the control of these 

diseases. Previous studies have demonstrated the 

efficiency of swine oral fluids for the detection of 

antibody against ASFV (38), influenza A virus (41), 

porcine circovirus type 2 (45), porcine reproductive and 

respiratory syndrome virus (28), and others. Based on 

the data presented herein, it can be concluded that assays 

for detecting A. pleuropneumoniae ApxIV antibody in 

oral fluids could also be developed for monitoring  

A. pleuropneumoniae infections in commercial herds. 
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