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Maternal antibodies 
against the immunoglobulin M‑degrading 
enzyme of Streptococcus suis, IdeSsuis, play 
an important role in bactericidal immunity 
in young piglets in the field
Josepha Hallbauer1, Jana Seele2, Theresa Middendorf1,3, Andreas Beineke4, Peter Valentin‑Weigand2, 
Matthias Horn5 and Christoph G. Baums1,2* 

Abstract 

Streptococcus suis (S. suis) expresses a specific immunoglobulin M (IgM) protease, designated IdeSsuis. Vaccina‑
tion with recombinant IdeSsuis elicits protection against S. suis serotype 2. This study was initiated by the finding 
that the isogenic deletion mutant ΔideSsuis shows a hypervirulent phenotype in 4-week-old piglets, presumably 
in association with maternally derived antibodies against IdeSsuis. This prompted us to conduct a field study to test 
the working hypothesis that maternal αIdeSsuis IgG antibodies are biologically relevant. Investigations in one herd 
with autogenous S. suis vaccination pre-farrowing showed a significant correlation of IgG levels against IdeSsuis 
in serum of 2-week-old-piglets and levels in colostrum. These antibody levels declined over the subsequent weeks 
of life. Levels of IgM binding to S. suis in sera of 2-week-old piglets did not correlate with respective levels in colos‑
trum but with the amount of colostrum taken up. Bactericidal assays with wild type (wt) and ideSsuis mutants 
demonstrated that expression of functional or nonfunctional full-length IdeSsuis results in increased killing of S. suis 
serotype 2 in the blood of 2-week-old piglets. This phenotype disappeared as piglets aged. Linear mixed-effects 
models confirmed that serum IgG against IdeSsuis exerts a significant, time-independent effect on survival of S. suis wt 
and ∇ideSsuis_C195S, expressing a nonfunctional variant of IdeSsuis, but not ΔideSsuis. Furthermore, IgM binding 
to S. suis wt influenced survival of wt and ∇ideSsuis_C195S in a time-dependent manner. This is in line with the con‑
cept that αIdeSsuis IgG are protective through induction of fragment crystallizable (Fc)-mediated opsonophagocytosis 
rather than neutralization of the IgM protease, at least in suckling piglets.
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Introduction
Streptococcus suis (S. suis) is a major pathogen in modern 
pig farming, causing septicemia, meningitis, and other 
pathologies. Worldwide, 29 serotypes have been identi-
fied. They are determined by capsular polysaccharides, 
which mediate protection against opsonophagocytosis 
[1, 2]. In addition, various proteins that interact with host 
factors are located on the surface of S. suis. Examples are 
proteins involved in transmigration through the blood–
brain barrier such as muramidase-released protein 
(MRP) recruiting fibrinogen [3, 4], enolase binding plas-
minogen [5, 6], and factor H-binding protein (Fhb) [7].

The immunoglobulin M (IgM)-degrading enzyme of 
Streptococcus  suis, IdeSsuis, is also located on the strep-
tococcal surface. This protease belongs to a family of 
highly specific immunoglobulin proteases. In contrast to 
the other members of this family, this cysteine protease 
cleaves only IgM and neither IgG nor IgA [8].

IdeSsuis is not crucial for virulence since isogenic 
mutants that do not express a functional IgM protease 
still cause disease to a high degree in experimental infec-
tions [9, 10]. However, in  vitro experiments indicate 
that cleavage of IgM by IdeSsuis is a complement evasion 
mechanism used by S.  suis [9, 10]. Various studies have 
confirmed that IgM plays an important role in the host 
defense against invasive S.  suis infection [10–12]. Bind-
ing of IgM to S.  suis  serotype  2 in porcine blood leads 
to complement activation and oxidative burst of granu-
locytes, thereby mediating the killing of the  strepto-
cocci  [13]. After weaning, levels of IgM binding to S. suis 
increase prominently [11, 14]. IgM+CD21− CD11R1− 
B1-like cells play an important role as a source of IgM 
recognizing S. suis at around 8 weeks of age [15].

Colostrum is the only source of maternal IgG for neo-
natal piglets. Neonatal piglets should take up at least 
250 g colostrum in the first 24 h of life [16, 17]. Levels of 
IgG decrease already in colostrum after 6 h after birth of 
the first piglet [18]. Porcine colostrum is known to also 
contain IgA and, to a very low degree, IgM [19, 20]. In 
the field, many dams are vaccinated with autogenous 
bacterins pre-farrowing, as a licensed vaccine eliciting 
protection against various serotypes is not available [21]. 
Vaccination of dams with S. suis cps 2 bacterins has been 
shown to elicit increased levels of IgG binding to strep-
tococcal surface antigens in their piglets [22–24]. This 
might lead to protection against the homologous strain 
[24–26], but the specific targets of protective maternal 
IgG antibodies are not known.

IgG antibodies against the capsular polysaccharide 
of S.  suis  serotype  (cps)  2 confer protection against this 
important serotype [25]. However, capsular polysaccha-
rides are poor immunogens, and the role of these antibod-
ies in maternal immunity is not well investigated. Vaccines 

that include recombinant IdeSsuis (rIdeSsuis) have been 
shown by independent research groups to elicit protection 
in pigs against different serotypes [26–28]. However, pro-
tection against a serotype 9 strain of sequence type (ST) 
16 with a distinct ideSsuis allel, encoding a putative “group 
B IgM protease”, was not recorded. Sequence analysis 
revealed that 84–96% of confirmed clinical S. suis isolates 
carry the gene encoding the IdeSsuis protein, described as 
a protective antigen and designated type A IgM protease 
[26]. The “group B IgM protease” has not yet been charac-
terized functionally. Still, antibodies elicited by vaccination 
do not cross-react between type A and type B antigen [26]. 
This study investigates the role of maternal IgG antibod-
ies against type A IdeSsuis, independent of vaccination with 
rIdeSsuis. We employed the bactericidal assay with different 
mutants to elucidate the roles of these antibodies and their 
putative mechanism for inducing bactericidal immunity in 
young piglets in a longitudinal field study.

Materials and methods
Bacterial strains and growth conditions
S. suis strain 10 is a virulent cps 2 strain of ST 1 expressing 
functional IdeSsuis on the bacterial surface [8]. It was used 
for generation of the isogenic deletion mutant 10ΔideSsuis 
(ΔideSsuis), partial deletion mutants 10ΔideSsuis_homologue 
and 10ΔideSsuis_C_terminus, as well as a complemented 
mutant expressing IdeSsuis with a point mutation in the 
catalytic cysteine residue designated 10∆ideSsuis∇ideSsuis_
C195S (∇ideSsuis_C195S) [8, 10]. All these mutants of 
ideSsuis were generated in frame. The modified open read-
ing frames are in control of the original ideSsuis promoter. 
The mutant ΔideSsuis was also complemented previously 
with a plasmid carrying the entire ideSsuis gene and its pro-
moter to generate strain ΔideSsuis pGA14ideSsuis [8].

Streptococci were grown on Columbia agar plates with 
5% sheep blood or in Bacto™ Todd Hewitt broth (THB). 
Escherichia  coli  (E.  coli) BL21 carrying pETideSsuis was 
cultured in Luria–Bertani  medium with 100  μg/mL 
ampicillin [8].

Expression and purification of recombinant IdeSsuis proteins
Recombinant His-tagged IdeSsuis (rIdeSsuis) was expressed 
in E. coli and purified after induction with isopropyl-β-
d-thiogalactopyranoside using Ni2+-nitrilotriacetic acid 
affinity chromatography under native conditions, as 
described previously [8].

Experimental infection of unvaccinated, 4‑week‑old piglets
The first experimental part of this study was conducted 
with German Landrace piglets originating from a specific 
pathogen-free (SPF) breeding operation, which was con-
sidered to be free of sly, mrp, epf, cps 2, and cps 9 strains, 
on the basis of the screening of more than 400 S. suis 
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isolates collected from the tonsils of piglets over many 
years. Neither piglets nor dams were vaccinated against 
S. suis infection in the original herd.

The piglets were transported to the experimental facil-
ity 4 days after weaning. The experimental infection 
included 27 piglets, with 9 in each group infected with 
S. suis strain 10 (wt), ΔideSsuis, or ΔideSsuis pGA14ideSsuis. 
The farm manager selected the litters and piglets from 
a litter (three or six) for this study without any specifi-
cations from the authors, except that they should be 
healthy, well-developed piglets. Each litter was repre-
sented by the same number of piglets in each group. Lit-
termates were assigned to the different groups at random. 
This litter-matched design was conducted to minimize 
differences in genetics and former colostrum quality 
between the different infection groups.

At an age of 4 weeks, piglets were infected experimen-
tally after predisposition through intranasal treatment 
with 3  mL of 1%  acetic  acid using an actuator (Valois 
Deutschland GmbH, Düsseldorf, Germany). This treat-
ment and the experimental intranasal infection were 
conducted under anesthesia using an intramuscular 
(IM) injection of 2  mg/kg azaperone (Stresnil®, Janssen, 
Neuss, Germany) and 10 mg/kg ketamine hydrochloride 
(Ursotamin®, Serumwerk Bernburg, Germany). During 
the first anesthesia, blood was collected for serological 
and bactericidal assays. Streptococci were resuspended 
in phosphate-buffered saline (PBS) and applied intrana-
sally 4  h after predisposition with the actuator, using an 
infectious dose of 2 × 109  colony forming units (CFU; 
application of 1.5  mL with 1 × 109  CFU to each nostril). 
The infectious dose was determined by serially diluting 
the inoculum and plating on Columbia blood agar plates 
within 2 h after experimental infection. Clinical monitor-
ing was conducted every 8 h, including measurement of 
body temperature and assessment of feeding, behavior, 
and locomotion. Body temperature was measured rec-
tally during feeding with a flexible clinical thermometer. 
Behavior and locomotion were assessed through observa-
tions before, during, and after feeding for at least 30 min 
at each monitoring time point using a sheet with prede-
fined categories. In the case of high fever (≥ 40.5 °C), apa-
thy and anorexia persisting over 36 h, as well as in all cases 
of clinical signs of acute polyarthritis or severe meningitis, 
animals were euthanized for reasons of animal welfare. All 
specific clinical signs, such as opisthotonus, convulsions, 
ataxia and recumbency to stand up, were confirmed by 
the animal experiment supervisor (CGB) prior to eutha-
nasia. All surviving piglets were sacrificed 14  days  post-
infection. For euthanasia, piglets were first anesthetized 
with ketamine hydrochloride and azaperone. After confir-
mation of deep anesthesia, pentobarbital (80 mg/kg body 
weight) was injected intravenously.

Pathohistological screenings of experimentally infected 
piglets
After euthanasia, every animal went through the same 
procedure of necropsy. The following samples were col-
lected for histological (h) and bacteriological (b) investiga-
tions: cerebrospinal fluid (b); punctures of both tarsal and 
both carpal joints (b); tissues of both tarsal and both carpal 
joints (h); swabs of peritoneum, pleura, pericard, the mitral 
valve, and the brain (b); pleura and peritoneum (h); cranial 
lobe of the left lung (b, h); mitral valve and heart tissue, 
including pericard (h); spleen (b, h); tonsil (b, h); and brain 
(h). Fibrinous-suppurative inflammations were scored, as 
described previously, by a pathologist unaware of the clini-
cal findings and the animal’s group affiliation [29]. To allow 
comparison of groups, the sum of the highest scores of 
each animal for any of the investigated organs was divided 
by the number of animals (ω = Σscoremax/nanimals). Isola-
tion of the challenge strains was confirmed via polymer-
ase chain reaction (PCR) for detection of epf and cps 2 [30] 
and in an ideSsuis-specific PCR [9].

Detection of αIdeSsuis IgG and αS. suis IgM antibodies
Antibodies against IdeSsuis were measured in serum sam-
ples drawn form 4-week-old piglets of the experimental 
study, from 8-week-old piglets of a previously published 
experimental study [9], and in serum and colostrum 
samples collected in the barn during the longitudinal 
field study. Levels of αS. suis  10  IgM and αIdeSsuis were 
measured using enzyme-linked immunosorbent assay 
(ELISA), as described [27], with the following modifica-
tions: MaxiSorp™ flat-bottom plates (Thermo Fisher Sci-
entific, Darmstadt, Germany) were coated either with 
0.2%  formaldehyde-inactivated S.  suis  strain  10 or with 
5 µg/well rIdeSsuis. Plates were blocked with 0.5% bovine 
serum albumin and 0.1% gelatin in PBS (pH 7.4) for 1 h 
at room temperature (RT). For detection of IgM and 
IgG, two goat peroxidase (POD)-labeled IgG antibod-
ies were used, both with a dilution of 1:10 000: anti-pig-
IgM (A100-117P, Bethyl Laboratories) and anti-pig-IgG 
(A100105P, Bethyl Laboratories). All samples and con-
trols were measured in a duplicate series of four and the 
reference serum in a duplicate series of seven. Dilution 
series of sera and colostrum started with 1:100  (IgG-
α-IdeSsuis) or 1:50  (IgM-α-S.  suis  10) and 1:3200  (IgG-α-
IdeSsuis) or 1:200 (IgM-α-S. suis 10), respectively.

For detection of αS.  suis 10 IgM, serum of a bacterin-
vaccinated piglet (no. 4515) was used as the reference 
serum and was defined as containing 100  ELISA  units. 
Serum of a convalescent piglet (no. 238fbl) infected 3 
weeks prior to the collection of this serum with S.  suis 
strain  10  (wt) was used as a positive control. As in our 
previous vaccination studies [27, 28], serum of piglet no. 
7376 immunized with rIdeSsuis in a previous study [27] 
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was defined as containing 100 ELISA units and served as 
the reference serum. Serum of piglet no. 9007 vaccinated 
with rIdeSsuis_homologue served as positive control [27].

Bactericidal assay
Survival of S.  suis in porcine blood was determined 
as described [8]. In case of the experimental study, 
500 µL of heparinized blood (16  IU/mL heparin) drawn 
from 4-week-old piglets (n  = 6) was infected with 
1.5 × 105  CFU. These 6 piglets were randomly selected 
among the 27 piglets included in the experimental infec-
tion (sampling was conducted under anesthesia just prior 
to infection). These piglets originated from a German 
Landrace SPF breeding operation, which did not practice 
vaccination against S.  suis infection. In the field study, 
heparinized blood (16  IU/mL  heparin) was drawn from 
piglets (n = 72) in the barn at the indicated time points 
and transferred to the laboratory. Within 6  h after col-
lection, 500  µL of blood was infected with 3 × 106  CFU. 
In all cases, stocks of bacteria frozen with 15%  glyc-
erol were used after thawing. The blood was incubated 
for 2  h at 37  °C on a rotator. CFU were determined at 
t = 0 min (CFUt0) and t = 120 min (CFUt120) by serial dilu-
tion and plating on blood agar plates. The survival factor 
(SF) was calculated as CFUt120/CFUt0. For bactericidal 
assays with blood samples drawn during the field study, 
data transformation was performed (see the Statistical 
analysis section).

Longitudinal field study in a herd practicing autogenous 
vaccination pre‑farrowing
A conventional pig farm with Hypor  Libra  ×  PIC408 
genetics was selected for this field study. An autogenous 
multivalent bacterin with different bacteria, including 
S.  suis cps  1 and cps  2 and 10%  Emulsigen® (oil-in-water 
emulsion, MVP Adjuvants, Phibro Animal Health Cor-
poration, Teaneck, NJ, USA) as adjuvant was applied to 
incoming gilts two times during quarantine, as well as 
after integration and 6 and 3  weeks pre-farrowing. The 
S. suis cps 1 (no. 550) and cps 2 (no. 552) strains included 
in the autogenous vaccine were isolated from the joints of 
a diseased suckling piglet and weaning piglet in this herd 
in 2019 and 2016, respectively. Both strains are positive for 
the type  A  ideSsuis  gene and the virulence-associated fac-
tors mrp, sly, and epf, and belong to ST 1. The sows were 
vaccinated again 3 weeks ante partum (Figure 1). The ani-
mal experiment included 24 dams (8 gilts, 8 middle-aged 
sows [second to fourth litter], 8 old sows [more than four 
litters]), and 70 of their piglets. The samples were col-
lected during four different farrowing periods. In each far-
rowing period, two gilts, two middle-aged sows, and two 
older sows were included. The first born, middle-born, and 
last-born piglet of each dam was included in the study. In 

two litters, last-born piglets are not included in the analy-
sis because one piglet was crushed by the sow in the first 
week of life (old sow) and one piglet of a middle-aged sow 
could not be identified in the weaning area (presumably 
owing to a lost ear tag). Suckling piglets of litters included 
in the experiment were not co-mingled. Serum samples of 
the piglets were taken from the cranial vena cava at an age 
of 2, 4, 6, 8, and 10 weeks of life. An additional heparin-
ized blood sample was taken at 2, 6, and 10 weeks of life 
for bactericidal assays.

Collection of colostrum samples and calculation of its 
intake (Cl24)
Immediately after the start of the birth of the first piglet, 
colostrum samples of three teats (first teat left, middle 
teat right, last teat left) were taken, cooled immediately, 
and stored at −80  °C until further use. To determine 
colostrum intake (CI) quantitatively, the piglets were 
weighted immediately after birth and exactly 24  h later. 
Colostrum intake in the first 24 h of life (CI24) was calcu-
lated using the formula described by Theil et al. [31]. In 
one piglet, data on birth weight and CI24 are missing.

Statistical analysis
The data were presented as mean ± standard deviation 
(SD). Intergroup comparisons were executed through 
the implementation of conventional one-way or repeated 
measures analysis of variance (ANOVA) with Tukey’s 
multiple comparisons range test for post  hoc analyses. 
In conventional linear regression analyses, a one-sample 
t-test was applied to the Pearson coefficients to assess 
the statistical significance of their deviation from zero 
(GraphPad Prism 10, USA).

A comparison of two independent groups for non-
symmetrically distributed data was performed using the 
Mann–Whitney U test. The differences in Kaplan–Meier 
diagrams were analyzed using the log-rank test. In this 
study, probabilities lower than 0.05 were considered as 
significant (*p < 0.05, **p < 0.01, and ***p < 0.001).

The field study’s variables were transformed to obtain 
approximately normally distributed data. Levels of 
immunoglobulins measured with ELISA were logarith-
mized (log(1 + x)). The bacterial survival factors deter-
mined in bactericidal assays were Box–Cox transformed 
with λ = 0.13.

Linear mixed-effects models (LMMs) were employed 
to systematically investigate the impact of various param-
eters on the streptococcal survival factor at multiple 
time points. These parameters included CI24, the level 
of specific serum IgG against IdeSsuis, and IgM binding 
to wt S. suis. This approach was employed to address the 
repeated measures design of the study and to adequately 
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describe the dependency structure within the data, given 
that three piglets per dam were included.

LMM analyses were performed in R version 4.4.1 
using the lme4 package [32]. For each bacterial strain 
that was investigated (wt, Δ  ideSsuis, ∇ideSsuis_C195S) 
we included survival factor as the dependent variable. 
To assess the effect of time (i.e., piglet age), we first 
specified a default model M1 as follows: M1: survival 
factor ~ time + (time | dam/piglet). Here we account for 
nested random effects of dams and piglets (denoted as 

dam/piglet) as well as for repeated measures (param-
eter time). Furthermore, the variable time was incorpo-
rated as a fixed effect, thereby enabling the extraction 
of the main effect of age, irrespective of the variability 
among individual dams and piglets. Subsequently, to 
evaluate the fixed effect of each parameter, two addi-
tional LMMs were fitted incrementally: M2: survival 
factor ~ time + parameter + (time | dam/piglet) and M3: 
survival factor ~ time * parameter + (time | dam/pig-
let). In M3, the asterisk represents a linear combination 

Figure 1  Experimental design of the field study, including 24 dams and 70 of their piglets of a single herd. A In this herd, dams are 
vaccinated with an autogenous bacterin, including, among other inactivated bacteria, S. suis cps 1 and cps 2 during quarantine of incoming gilts 
and pre-farrowing (p. f.) as indicated. B Sampling included collection of colostrum directly after the onset of birth of the first piglet and blood 
from the piglets at the indicated weeks of life. Readout parameters included determination of colostrum intake within the first 24 h using 
the formula by Theil et al. [31], measurement of levels of IgM and IgG binding to wt S. suis and rIdeSsuis, respectively, and determination of bacterial 
survival of S. suis wt, ΔideSsuis, and ∇ideSsuis_C195S. Data from the field study are shown in Figures 3, 4, 5, and 6 and Table 2.
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of both a fixed effect of the parameter (see M2) and a 
fixed interaction between piglet age (time) and the 
parameter (denoted as time:parameter). While in M2 
the main effect was modeled to be consistent across all 
time points, M3 additionally evaluated the significance 
of an interaction between the age-related effect and the 
parameter effect.

For each parameter, a pairwise comparison of the 
models was performed using likelihood ratio tests. 
A significant difference between M2 and the default 
model M1 indicated that the parameter exerted an 
effect on the survival factor across the entire time 
period. Likewise, a significant difference between 
M3 and M2 suggested the presence of an interaction 
between the parameter and piglet age. The interaction 
was regarded as being inconsistent across the period 
if comparing M2 and M1 did not yield a significant 
improvement in model performance but comparison of 
M3 and M1 did.

The significance of the LMM coefficients was assessed 
by the lmerTest package [33], which employs Satterth-
waite’s method to estimate degrees of freedom and gen-
erate p-values for LMMs. The 95% confidence intervals 
of the coefficient estimates were calculated using the 
bootstrap method with 105 replicates.

Results
Three different ideSsuis deletion mutants are less efficiently 
killed than the wt in porcine blood of 4‑week‑old, 
non‑vaccinated piglets
The IgM protease IdeSsuis mediates complement evasion 
and increased survival in porcine blood of 5–7-week-old 

piglets primed with a bacterin in association with high 
levels of specific IgM [10]. However, the level of IgM 
binding to S.  suis also prominently increased in non-
vaccinated piglets between 4 and 8 weeks of age [14, 15]. 
This study was initiated by the finding that three differ-
ent ideSsuis mutants lacking different parts of the ideSsuis 
gene were, in comparison with the wt, less efficiently 
killed in blood drawn from 4-week-old piglets within an 
experimental study (Figure 2A). These piglets were from 
a herd (German Landrace SPF breeding operation) with a 
distinct S. suis infection status and no use of autogenous 
S. suis bacterins. This herd is known to be infected with a 
cps 2 strain of ST 28, which was also isolated from inter-
nal organs of single diseased animals in this herd [26] 
and carried the ideSsuis group A gene (results not shown). 
The bactericidal assays included, in addition to the 
complete mutant ΔideSsuis, the partial deletion mutants 
10ΔideSsuis_h and 10ΔideSsuis_C, lacking the IgM protease 
domain and the long C-terminal domain not related to 
IgM cleavage, respectively. In conclusion, expression of 
full-length IdeSsuis in S.  suis wt  results in increased kill-
ing in porcine blood of these 4-week-old weaning piglets 
originating from a S. suis cps 2-ST-28-infected herd.

The deletion mutant 10ΔideSsuis is hypervirulent 
in 4‑week‑old piglets
Four-week-old weaning piglets originating from this same 
breeding operation were infected intranasally with S. suis 
wt  and ΔideSsuis to access the virulence of both strains 
in piglets of this age. Infection with the mutant ΔideSsuis 
caused 89% mortality, significantly higher than the mor-
tality of 33% in the group infected with the wt (p = 0.016; 

Figure 2  Results of an experimental study demonstrating increased virulence of the deletion mutant 10ΔideSsuis in 4-week-old piglets. A 
Survival of wild-type strain 10 (wt), ΔideSsuis (Δ), 10ΔideSsuis_homologue (Δ_h), and 10ΔideSsuis_C-terminus (Δ_C) in porcine blood, which was drawn 
from six weaning piglets at an age of 4 weeks. B Kaplan–Meier survival diagram of unvaccinated weaning piglets (n = 9 per group) intranasally 
challenged with 2 × 109 CFU of S. suis cps 2 strain 10 (wt) or the isogenic ΔideSsuis (Δ) at an age of 4 weeks. C IgG levels against IdeSsuis in sera drawn 
from these piglets prior to challenge (B) in comparison with 8-week-old piglets of the same herd prime-vaccinated with a S. suis bacterin at 6 
weeks of age within a different study [9]. The serum samples from the 8-week-old piglets were also collected prior to experimental infection. The 
data shown in this figure and in the previous study [9] were collected within the same year and independent of the data of the field study shown 
in the other figures. In A and C, bars and error bars represent mean values and standard deviations, respectively. Student’s t-test (A) or Mann–
Whitney U test (C) was used for statistical analysis. Significant differences are indicated (**p < 0.01).
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Figure  2B). Accordingly, a high pathohistological score 
of 4.3, including four cases of severe meningitis, were 
recorded in the ΔideSsuis-infected group (Table  1; the 
score ranges from 0 to 5). In contrast, the pathohistologi-
cal score of the wt-infected group was 2.8. Morbidity was 
56% in wt-infected piglets and thus lower than the mor-
bidity of 100% in the ΔideSsuis-infected piglets (p = 0.062).

This infection experiment also included a group 
infected with the complemented mutant ΔideSsuis 
pGA14ideSsuis, which showed a course of mortality simi-
lar to the mutant ΔideSsuis and a pathohistological group 
score of 4.7 (results not shown). PCR screening of dif-
ferent isolates from inner organs of piglets infected with 
the complemented strain suggested that loss of the plas-
mid had occurred during the infection of these piglets in 
numerous cases (results not shown).

We have shown that vaccination of weaning piglets 
with rIdeSsuis results in protection against S. suis strain 10 
and increased killing of the wt in comparison with the 
ΔideSsuis mutant [27]. We asked if the 4-week-old pig-
lets used for the loss-of-function experiments carried 
increased levels of serum αIdeSsuis  IgG. Thus, we deter-
mined antibody levels against IdeSsuis in all sera drawn 
from piglets prior to experimental infection and from 
8-week-old piglets originating from the same herd at 
the same time. The latter had been prime-vaccinated 
with a S.  suis  strain 10 bacterin at 6 weeks of age in an 
experimental study [9]. As shown in Figure  2C, the 
4-week-old weaning piglets had higher levels of serum 
IgG against IdeSsuis than the older bacterin-primed, grow-
ing piglets, although the difference was not significant 
(p = 0.062). Differences in the αIdeSsuis IgG levels between 
the differently infected groups were not observed (data 
not shown). In conclusion, loss of IdeSsuis expression 
leads to hypervirulence in 4-week-old piglets in asso-
ciation with increased survival in blood and increased 
αIdeSsuis serum IgG levels.

Detection of maternal IgG against IdeSsuis in 2‑week‑old 
suckling piglets in a herd practicing autogenous bacterin 
vaccination pre‑farrowing
The data of the experimental study shown in Figure  2 
prompted us to investigate the working hypothesis that 
piglets in the field carry maternally derived IgG against 
IdeSsuis, which might be important for bactericidal immu-
nity. To investigate the transfer of maternal IgG against 
IdeSsuis in the field, we selected a herd with autogenous 
S. suis bacterin vaccination pre-farrowing. Sera were col-
lected from 70 different piglets at 2, 6 and 10  weeks of 
age. Levels of IgG against IdeSsuis were below 8 ELISA 
units in all investigated samples (Figure  3A) and thus 
much lower in comparison with levels recorded after 
prime-boost vaccination with rIdeSsuis in 8-week-old 

growing piglets in our previous studies [27, 28, 34]. 
For further analysis, values were first logarithmized 
to obtain an approximately normal distribution (Fig-
ure  3B). IgG against IdeSsuis obtained a mean of 0.5605 
(± 0.1773) (1 + log αIdeSsuis) and showed a highly signifi-
cant decline between 2 and 6 weeks of age. Though the 
mean of αIdeSsuis IgG remained at the same level between 
6 and 10 weeks of age, single piglets showed an increase 
between the 6th and 10th week of life (Figure 3B). These 
single piglets were found in the different thirds defined 
by the αIdeSsuis  IgG levels at 2  weeks of age (see differ-
ent colors in Figure  3B). At 2  weeks of age, levels of 
serum αIdeSsuis  IgG were significantly increased in first-
born in comparison with last-born piglets (p = 0.0373) 
(Figure 4A).

Measurement of αIdeSsuis  IgG levels in colostrum 
samples drawn from different teats in the first sampling 
period revealed that the levels were very much the same 
between teats of the same dam (Figure  4B). Accord-
ingly, samples from three different teats of one dam were 
pooled for further analysis. No significant differences 
were observed between αIdeSsuis  IgG levels in colostrum 
drawn from gilts, middle-aged sows, and old sows with 
mean (1 + log  αIdeSsuis) IgG values of 1.315 (± 0.1804), 
1.144 (± 0.2286), and 1.293 (± 0.2236), respectively (Fig-
ure  4C). Correlation analysis revealed that αIdeSsuis  IgG 
levels at 2  weeks of age did not correlate with birth 
weight (Figure 3C) or colostrum intake in the first 24 h 
(Figure  3D) but with the level of αIdeSsuis  IgG in colos-
trum (Figure  3E). The latter finding, along with the 
observed decline between 2 and 6 weeks of age, confirms 
that maternal αIdeSsuis IgG are detectable in young piglets 
in this herd.

Levels of IgM recognizing S. suis cps  2 are very low 
in 2‑week‑old piglets suckled by bacterin‑vaccinated dams 
and do not correlate with respective levels in colostrum
Levels of IgM antibodies binding to S.  suis increase 
prominently between the 2nd/4th and 8th week of life. This 
has been shown by our group for different serotypes and 
piglets from different herds [11, 14, 15]. An increase of 
IgM binding to S.  suis  cps  2 between 2 and 8 weeks of 
age was also confirmed for the piglets investigated in 
this field study (Figure 5A). At 2 weeks of age, these lev-
els were very low. In 53% of the investigated 2-week-old 
piglets (n = 70), the level of IgM binding to S. suis wt was 
below the detection level of our ELISA (red dots in Fig-
ure 5A). Nevertheless, we investigated if the positive lev-
els in the remaining samples correlated with birth weight, 
colostrum intake, and respective levels in colostrum. The 
levels of IgM binding to  S. suis wt did not correlate with 
birth weight (Figure 5B). In the case of positive samples, 
levels of IgM binding to S. suis cps 2 showed a significant 
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correlation with colostrum intake (Figure  5C) but no 
correlation with respective IgM levels in colostrum 
(Figure  5D). Overall, it is very questionable that sera of 
2-week-old piglets contain maternal IgM recognizing 
S. suis in this herd.

Expression of IdeSsuis or nonfunctional IdeSsuis_C195S 
is associated with significantly increased killing 
of S. suis cps  2 in blood of 2‑week‑old piglets
In our rIdeSsuis vaccination trial with weaning piglets, 
bactericidal assays revealed efficient killing of S. suis wt in 
blood of vaccinated piglets in contrast to non-vaccinated 

littermates [27]. The isogenic mutant ΔideSsuis showed 
survival in blood samples of rIdeSsuis-vaccinated pig-
lets [27]. Here, we conducted bactericidal assays with 
S.  suis  wt, ΔideSsuis, and ∇ideSsuis_C195S with all blood 
samples collected from the 70 piglets at 2, 6, and 10 weeks 
of age. We observed significantly increased survival of 
the isogenic mutant ΔideSsuis compared with the other 
two strains in blood samples of 2-week-old piglets (Fig-
ure 6). Specifically, this mutant proliferated in blood of 33 
of the 70 investigated piglets, whereas this was true for 
the wt and ∇ideSsuis_C195S in 10 and 17 piglets, respec-
tively. Indeed, more than 80% of the S.  suis wt bacteria 

Figure 3  IgG antibody levels against IdeSsuis in piglets and colostrum in a herd practicing autogenous bacterin vaccination 
pre-farrowing. A Serum IgG levels against IdeSsuis in 2-, 6-, and 10-week-old piglets in ELISA units in comparison with levels observed in previous 
studies after vaccination with rIdeSsuis: Seele et al. (dotted line) [27], Rieckmann et al. (dotted–dashed line)[28], and Mayer et al. 2024 (dashed 
line) [34]. B Logarithm of values shown in (A) and coloring according to levels at 2 weeks of age. C–E Correlation analysis between specific 
serum IgG αIdeSsuis levels and birth weight (C), colostrum intake in the first 24 h (CI24) determined as described previously [31] (D), and the levels 
of αIdeSsuis IgG in colostrum (E).
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were killed in the blood of 32 of 70 2-week-old piglets 
(ΔideSsuis: only in 16 piglets). In the following 4 or 8 weeks 
of life, the mean survival factors of all three investigated 
strains decreased, resulting in significantly increased kill-
ing in 10-week-old piglets of all three strains (Figure 6). 
At this age, the majority of piglets showed efficient kill-
ing of all three strains, though there were still substan-
tial differences in killing efficiency between the different 
piglets. Significant differences in survival of wt and the 
two mutants were not recorded in blood samples drawn 
at 10 weeks of age.

Levels of αIdeSsuis IgG show a significant, time‑independent 
effect on survival of S. suis wt in blood of 2‑, 6‑, 
and 10‑week‑old piglets on LMM analysis
We used linear mixed-effects models to explore the 
effects of different variables on killing of  S.  suis  wt, 
ΔideSsuis, and ∇ideSsuis_C195S in blood of 2-, 6-, and 
10-week-old piglets. Litter order, parity of the dam, birth 
weight of the piglet, colostrum intake, and body weight at 
weeks 2, 6, and 10 post-partum showed no influence on 
streptococcal survival factors (Additional file 1). In con-
trast, levels of specific IgG against IdeSsuis in sera of pig-
lets had a time-independent, highly significant (p < 0.001) 
effect on survival of S. suis wt and ∇ideSsuis_C195S but no 
effect on survival of ΔideSsuis (Table 2). On the basis of the 
interaction model (M3), levels of IgM binding to S.  suis 
wt showed a time-dependent effect on survival of S. suis 
wt and ∇ideSsuis_C195S.

In conclusion, expression of functional or nonfunc-
tional, full-length IdeSsuis in S.  suis  cps  2 results in 
increased killing of streptococci in blood of 2-week-old 
suckling piglets of this herd in association with the pres-
ence of maternal αIdeSsuis  IgG. Levels of αIdeSsuis  IgG 
and IgM binding to S.  suis  cps  2 play a time-independ-
ent and time-dependent role in killing of wt S.  suis  in 
blood of piglets within the critical phase of piglet rearing, 
respectively.

Discussion
IgM plays an important role in control of invasive 
S. suis infection and killing of the bacteria in blood, in 
particular [12, 13, 35]. The binding of IgM to the strep-
tococcal surface is an important mechanism to mediate 
opsonophagocytosis in porcine blood via complement 
activation [13]. In this field study, we showed that at 
2 weeks of age, the investigated piglets had very low 
levels of serum IgM binding to the streptococcal sur-
face (Figure  5A). A correlation between levels of spe-
cific IgM in sera of 2-week-old piglets and colostrum 
of their dams was not recorded (Figure  5D). This sug-
gests that maternal IgM plays most likely only a minor 
role in protection against invasive S.  suis infection at 

Figure 4  Comparison of IgG αIdeSsuis levels in sera drawn from 
2-week-old piglets in dependence of farrowing order (A) as 
well as in colostrum samples drawn from different teats of the 
indicated dams (B) and from different groups of dams (C). A Sera 
of 2-week-old first-, middle-, and last-born piglets of the longitudinal 
field study were collected as indicated in Figure 1. Each litter (n = 24) 
is represented by one animal in each of the indicated groups 
with the exception of two missing last-born piglets. B Three teats 
of each dam were sampled to obtain colostrum. The indicated 
dams belonged to the group that farrowed in the first period used 
for sampling. IgG αIdeSsuis levels were determined in colostrum 
samples of different teats. C Comparison of αIdeSsuis IgG levels 
in pooled colostrum samples of gilts, middle-aged sows, and old 
sows from the entire study (each n = 8 and four sampling periods).
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this age. Already between the 2nd and 4th week of life, 
we observed a highly significant increase in levels of 
serum IgM binding to S.  suis (Figure 5A). These levels 
increased further until an age of 8 weeks, in agreement 
with previous studies [14, 15]. We speculate that the 
amount of colostrum taken up has a positive effect on 
the early generation of IgM recognizing S. suis and that 
some piglets already carry self-developed IgM recog-
nizing S.  suis at an age of 2 weeks. This would explain 
the positive correlation of levels of serum IgM recog-
nizing S.  suis in 2-week-old piglets with colostrum 

intake but not with respective levels of colostrum (Fig-
ures  5 C and D).

LMM analysis revealed that levels of specific IgM 
exhibit a time-dependent effect on survival of  S.  suis 
wt  (and ∇ideSsuis_C195S but not ΔideSsuis) in porcine 
blood. In agreement, our group observed a significant 
increase of the survival factors of S. suis cps 1 and cps 14 
in blood of 6- and 8-week-old but not 2-week-old piglets 
of a different herd upon cleavage of IgM through addi-
tion of rIdeSsuis [14]. The preferred interaction model 
(M3) indicates that, as time increases, a lower level 

Figure 5  Levels of serum IgM binding to  S. suis cps 2 (specific IgM) in piglets of dams vaccinated with an autogenous bacterin as 
depicted in Figure 1. A Course of specific IgM in sera of piglets (n = 70) sampled every 2 weeks after the 2nd week of life. B–D Correlation 
analysis of specific IgM levels in sera of 2-week-old piglets with birth weight (B), colostrum intake in the first 24 h (CI24) (C), and specific IgM levels 
in colostrum samples of the respective dams (D). Points marked in red on the x-axis refer to samples of 2-week-old piglets that obtained values 
below the detection level of our IgM ELISA. These cases are not included in the correlation analysis shown in B–D. 
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of IgM binding to S. suis wt  is sufficient for the same 
effect size, i.e., reduction of the survival factor. How-
ever, our findings demonstrate that IgM recognizing S. 

suis wt increases over time. Consequently, the decline in 
the survival factor becomes more pronounced as time 
increases. A possible explanation for the preference 

Figure 6  Comparison of survival of  S. suis wt (strain 10), its isogenic ideSsuis deletion mutant Δ ideSsuis, and a mutant expressing 
a nonfunctional, full-length point-mutated variant of IdeSsuis (∇ideSsuis_C195S). The three colors refer to the level of IgG antibodies 
against IdeSsuis at 2 weeks of age, as shown in Figure 3B, with blue and red indicating relatively high and low levels, respectively. Bacterial survival 
factors (SF) determined in bactericidal assays were Box–Cox transformed with λ = 0.13 to obtain approximately normally distributed values. A value 
of 0 is obtained for an original SF of 1. An SF above 0 indicates proliferation, and an SF below 0 indicates killing of the bacteria. The dotted line 
(SF = −1.99) indicates killing of 90% of the starting inoculum and is equivalent to an original SF of 0.1. Blood was drawn from the same animals at all 
time points.

Table 2  Selected results of linear mixed-effects model M2 on survival of different S. suis cps 2 bacteria strains in blood of 2-, 
6-, and 10-week-old piglets 

Bacterial strain Parameter Estimate β 95% confidence interval SE p-Value

wt Time −0.1860 [−0.2885, −0.0833] 0.0520 0.0012

αIdeSsuis IgG −0.9723 [−1.5410, −0.4060] 0.2821 < 0.001

ΔideSsuis time −0.2282 [−0.3350, −0.1213] 0.0541 < 0.001

αIdeSsuis IgG −0.3792 [−1.0464, 0.2899] 0.3305 0.2528

                        ∇ideSsuis_
C195S

time −0.2418 [−0.3375, −0.1453] 0.0488 < 0.001

αIdeSsuis IgG −0.9572 [−1.5942, −0.3239] 0.3166 0.0029
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for M3 is that as maternal, IgG-dependent immunity 
decreases during piglet rearing, the effect size of IgM 
mediating killing of S. suis gets greater. However, it was 
surprising that LMM analysis did not reveal a significant 
effect of IgM levels on survival of ΔideSsuis. As determined 
by injection of iodine-125-labeled antibodies, the mean 
half-lives of plasma IgM and IgG in neonatal piglets are 
2.8 and 9.1 days, respectively [36]. Thus, it is a limitation 
of this study that the first blood sample was not taken in 
the first days of life to assess transfer of maternal IgM. It 
appears likely that maternal IgM declined rapidly within 
the first 2 weeks of life, leading to the very low levels at 
week 2.

In this study, we demonstrate in two independ-
ent assays thatthe isogenic  deletion mutant ΔideSsuis is 
less efficiently killed in blood of 4- or 2-week-old pig-
lets in comparison with the wt. All piglets originated or 
belonged to herds infected with S.  suis strains express-
ing type A IgM protease. The increased survival of the 
isogenic ΔideSsuis mutant in blood is in accordance with 
hypervirulence of this mutant in experimental infection 
of young piglets. Hypervirulence of mutants has been 
observed for regulators of virulence factors such as the 
CovR/S two-component system in Streptococcus  pyo-
genes [37] but also for serine protease autotransporters 
of Enterobacteriaceae (SPATEs). Specifically, the SPATE 
null mutants Δcrc1 and ΔpicC of Citrobacter rodentium 
cause hyperinflammation, the latter owing to increased 
Toll-like receptor 2 (TLR2) recognition [38, 39]. How-
ever, it appears very unlikely that loss of function of 
IdeSsuis, other than recognition by antibodies, is involved 
in the hypervirulent phenotype. Complementation of the 
mutant with a point mutant lacking IgM protease activ-
ity results in a significant increase in killing of S. suis in 
porcine blood (Figure 6). One might argue that the large 
C-terminal domain of IdeSsuis is not necessary for IgM 
cleavage and might carry out an additional, not yet dis-
covered, function, reducing virulence in the wt. However, 
as shown in Figure  2, deletion of the N-terminal IgM 
protease domain alone in 10ΔideSsuis _homologue is suffi-
cient to generate a variant with increased survival in por-
cine blood of young piglets. This mutant is expected to 
express the C-terminal part of IdeSsuis in association with 
the bacterial surface similar to wt  S.  suis. Most impor-
tantly, linear mixed-effects models revealed that serum 
αIdeSsuis IgG levels have an influence on survival of S. suis 
and ∇ideSsuis_C195S but not ΔideSsuis.

The findings that the complemented mutant ∇ideSsuis_
C195S is killed more efficiently than ΔideSsuis in blood 
of 2-week-old piglets (Figure  6) and that all three inde-
pendent deletion mutants show comparable pheno-
types in the bactericidal assay (Figure  2A), exclude the 
alternative explanation that a spontaneous mutation in 

the chromosome not related to ideSsuis is related to the 
reduced killing in blood. We conclude that the hyper-
virulent phenotype of the mutant ΔideSsuis in bactericidal 
assays and experimental infection of young piglets is 
caused by serum αIdeSsuis IgG mediating killing of S. suis 
expressing full-length IdeSsuis. This is in accordance with 
the high protective efficacy of rIdeSsuis vaccination against 
S. suis cps 2 of ST 1 [26, 27].

The decline of levels of αIdeSsuis IgG in piglets between 
2 and 6  weeks of age (Figures  3A  and  B) as well as the 
high correlation of levels of serum αIdeSsuis  IgG in 
2-week-old piglets and matched colostrum samples jus-
tify the conclusion that serum αIdeSsuis  IgG antibodies 
of 2-week-old piglets are mainly of maternal origin in 
this herd. Jacobs et  al. [26] recorded protection against 
experimental S. suis cps 2 infection in 8-week-old piglets 
after pre-parturient sow vaccination with rIdeSsuis. This 
long-lasting, protective maternal immunity after rIdeSsuis 
vaccination pre-farrowing is in agreement with the con-
clusion that even comparatively low levels of maternal 
αIdeSsuis IgG are biologically very relevant.

It was not possible to include a group of unvaccinated 
dams in the longitudinal field study for reasons related to 
regulations of animal experiments in Germany. Accord-
ingly, the field study does not allow for an evaluation of 
whether application of the autogenous vaccine elicited 
αIdeSsuis IgG in dams. However, the results shown in Fig-
ure 2 were obtained with piglets originating from a dif-
ferent herd where no autogenous S. suis vaccine is used. 
As the phenotype of the ΔideSsuis mutant in the respec-
tive bactericidal assay (Figure 2A) is in accordance with 
the results of the field study (Figure 5), this study suggests 
that biologically relevant levels of maternal αIdeSsuis  IgG 
are also present in unvaccinated piglets in the field.

There are different possible explanations for the pro-
tection elicited by rIdeSsuis vaccination. As IdeSsuis also 
cleaves the IgM B cell receptor (BCR) and leads to mod-
ulation of B cell signalling [40, 41], one might speculate 
that αIdeSsuis antibodies prevent binding and processing 
of the BCR by IdeSsuis. This hypothesis is, however, cur-
rently speculative, because a different immune response 
to S. suis infection in vivo due to IdeSsuis activity has not 
been demonstrated. Furthermore, it does not explain the 
results of the bactericidal assay in rIdeSsuis-vaccinated 
animals showing efficient killing of the wt but not the 
isogenic mutant ΔideSsuis [27]. Another possible expla-
nation is that inhibition of cleavage of IgM binding to 
the streptococcal surface by αIdeSsuis antibodies is cru-
cial for protection. Of note, we have demonstrated in 
previous studies that antibodies elicited by rIdeSsuis vac-
cination might neutralize the IgM protease activity [27, 
34]. Activation of the complement-oxidative burst axis 
by IgM is an important defensive mechanism against 
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S. suis bacteremia [13]. Accordingly, increased activation 
of complement on the streptococcal surface would be 
expected in piglets with increased levels of αIdeSsuis IgG 
and IgM binding to the streptococci.  However, 2-week-
old piglets with detectable maternal αIdeSsuis IgG levels 
showed very little serum IgM binding to S. suis (Figure 4). 
Of note, these levels were below the detection level of 
our ELISA in numerous piglets. In accordance, IgM was 
found to exert a time-dependent effect on survival of wt 
S. suis in the bactericidal assays in LMM analysis, imply-
ing that survival of S.  suis is limited by IgM in blood of 
6- and 10-week-old but not 2-week-old piglets. On the 
basis of these findings, it appears very unlikely that neu-
tralization of the IgM protease activity is involved in 
the ideSsuis-dependent phenotypes in bactericidal assays 
run with blood of 2-week-old piglets (Figure  6). Finally, 
αIdeSsuis IgG might directly opsonize S.  suis  cps  2 and 
activate Fcϒ-mediated phagocytosis. The results of the 
bactericidal assay shown in Figure  6 are in accordance 
with this hypothesis, because there is a highly significant 
phenotypic difference between ΔideSsuis and ∇ideSsuis_
C195S in survival in blood of 2-week-old piglets that can-
not be explained by neutralization of the IgM protease by 
maternal αIdeSsuis IgG, because both strains do not cleave 
porcine IgM [10].

The epitopes of IdeSsuis recognized by protective 
αIdeSsuis  IgG antibodies are of interest for optimization 
of an rIdeSsuis-based vaccine. We speculate that impor-
tant epitopes are in the conserved IgM protease domain. 
In the case of the mutant 10ΔideSsuis_C-terminus, this 
domain is still expressed. Since this mutant lacks the 
C-terminal membrane anchor, the IgM protease domain 
is not linked to the streptococcal surface but secreted into 
the supernatant [9]. Accordingly, αIdeSsuis IgG binding to 
the IgM protease domain are not expected to induce IgG-
Fcγ mediated-phagocytosis of 10ΔideSsuis_C-terminus. 
This might explain why the mutant 10ΔideSsuis_C-
terminus shows significantly increased survival in blood 
of 4-week-old piglets in comparison with the wt, though 
both strains express functional IgM protease. Of note, 
this mutant is not attenuated in survival of blood of 
8-week-old piglets carrying lower levels of αIdeSsuis IgG 
[9].

It has been suggested that induction of “IgG1” [42] or 
a balanced ratio of “IgG1” to “IgG2” [43] is important 
for protection. However, the IgG subtype specificities 
of the respective reagents are unclear. Nevertheless, 
it is a limitation of this study that the ELISA used for 
determination of αIdeSsuis  IgG levels did not differenti-
ate between different IgG subtypes. We envision that 
as soon as specific antibodies against each porcine IgG 
subtype are broadly available, it will be possible to read 

out levels of IgG subtypes that induce opsonophago-
ctosis via Fcγ interaction on neutrophilic granulo-
cytes. This might be crucial to define a specific level of 
αIdeSsuis IgG as protective. As soon as an rIdeSsuis-based 
vaccine is available in the field, ELISA would be an 
important tool in porcine health management. Nev-
ertheless, the LMM analysis already confirmed that 
αIdeSsuis  IgG levels as measured in this study have an 
effect on survival of S. suis cps 2 in porcine blood drawn 
from piglets in the field.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s13567-​026-​01713-1.

Additional file 1: Results of linear mixed-effects models for all inves‑
tigated parameters on survival of S. suis cps 2 strain 10, ΔIdeSsuis and 
∇ideSsuis_C195S in blood of piglets drawn at 2, 6 and 10 weeks of age.

Acknowledgments
We thank H. Smith (DLO-Lelystad, Netherlands) for S. suis strain 10. Alexan‑
der Maas (vivet Schweinegesundheit GmbH, Kahrweg 33, 59590 Geseke, 
Germany) is acknowledged for enabling the longitudinal field study. We also 
thank Sophie Kähl, Sophie Öhlmann, Sophia Hanstein, and Annika Breitfelder 
for supporting bactericidal assays; Silke Lehnert for preparation of the antigen 
(all Institute of Bacteriology and Mycology, Leipzig University); and Lena 
Hillermann (Institute for Microbiology, University of Veterinary Medicine Han‑
nover, Germany) for measuring αIdeSsuis IgG levels shown in Figure 2C. Karoline 
Rieckmann is acknowledged for important critical discussions.

Authors’ contributions
CGB and PVW conceived the experiments of Figure 2 and were involved in 
respective project administration. The longitudinal field study was conceived 
by CGB only. CGB, JH, and JS designed experiments. JH and JS conducted 
laboratory investigations. JH and TM monitored and sampled piglets in the 
longitudinal field study including determination of Cl24. JH and MH analyzed 
the data of the field study. JH generated all figures except Figure 2 (JS). The 
experimental infections and necropsies were conducted by JS and CGB. AB 
performed pathohistological screenings of experimentally infected piglets. JH 
and CGB drafted the manuscript. All authors reviewed the draft and approved 
the final manuscript.

Funding
The experiments shown in Figure 2 were supported by a grant from the 
German Research Foundation (Deutsche Forschungsgemeinschaft, DFG, 
Bonn, Germany SFB587) and by the German Federal Ministry for Research and 
Education (BMBF) within the Helmholtz–CAS–Joint Research Group ZooStrep 
(HCJRG-116). The longitudinal field study was partially funded by the German 
Research Foundation (grant no. BA 4730/3-2 to CGB). The funding body did 
not influence the design, analysis, or reporting of this study.

Availability of data and materials
Primary data of the longitudinal field study is available in the open research 
repository Zenodo [45]. All other primary data and materials will be made 
available on reasonable request.

Declarations

Ethics approval and consent to participate
All pigs included in the different trials were treated in accordance with the 
principles outlined in the European Union (EU) Directive 2010/63/EU on the 
protection of animals used for scientific purposes and the German Animal 
Protection Law (Tierschutzgesetz). All animal experiments were ethically 

https://doi.org/10.1186/s13567-026-01713-1
https://doi.org/10.1186/s13567-026-01713-1


Page 15 of 16Hallbauer et al. Veterinary Research           (2026) 57:49 	

evaluated and permitted by the responsible German authorities: The longi‑
tudinal field study (permit no. 81-02.04.40.2023.VG034) was approved by the 
Landesamt für Natur-, Umwelt und Verbraucherschutz Nordrhein-Westfalen. 
The study, including collection of blood and experimental infection of piglets 
originating from the SPF breeding operation, was permitted by the Commit‑
tee on Animal Experiments of the Lower Saxonian State Office for Consumer 
Protection and Food Safety (Niedersächsisches Landesamt für Verbraucher‑
schutz und Lebensmittelsicherheit, LAVES; permit no. 33.9-42502-04-11/0442). 
All application techniques and sampling of blood conducted in this study 
were in line with the recommendations of the German Society for Laboratory 
Animal Science (Gesellschaft für Versuchstierkunde) [44] and the German 
Veterinary Association for the Protection of Animals (Tierärztliche Vereinigung 
für Tierschutz e. V.).

Consent for publication
Not applicable.

Competing interests
JS, PVW, and CGB are inventors of a patent for a vaccine composition includ‑
ing IdeSsuis (e.g., US patent no. 12,036,275). The assignee of this patent is Ceva 
Santé Animale S.A. (Libourne). In the past, CGB received funding from CEVA 
Innovations GmbH.

Author details
1 Institute of Bacteriology and Mycology, Centre for Infectious Diseases, 
Faculty of Veterinary Medicine, Leipzig University, An den Tierkliniken 29, 
04103 Leipzig, Germany. 2 Institute for Microbiology, Centre for Infection 
Medicine, University of Veterinary Medicine Hannover, Bischofsholer Damm 
15, 30173 Hannover, Germany. 3 Vivet Schweinegesundheit GmbH, Kahrweg 
33, 59590 Geseke, Germany. 4 Department of Pathology, University of Veteri‑
nary Medicine Hannover,  Bünteweg 17,  30559 Hannover, Germany. 5 Institute 
for Medical Informatics, Statistics and Epidemiology (IMISE), Faculty of Medi‑
cine, University of Leipzig,  Härtelstraße 16‑18, 04107 Leipzig, Germany. 

Received: 6 October 2025   Accepted: 23 January 2026

References
	1.	 Smith HE, Damman M, van der Velde J, Wagenaar F, Wisselink HJ, 

Stockhofe-Zurwieden N, Smits MA (1999) Identification and characteriza‑
tion of the cps locus of Streptococcus suis serotype 2: the capsule protects 
against phagocytosis and is an important virulence factor. Infect Immun 
67:1750–1756

	2.	 Charland N, Harel J, Kobisch M, Lacasse S, Gottschalk M (1998) Streptococ-
cus suis serotype 2 mutants deficient in capsular expression. Microbiology 
144:325-332. https://​doi.​org/​10.​1099/​00221​287-​144-2-​325

	3.	 Pian Y, Li X, Zheng Y, Wu X, Yuan Y, Jiang Y (2016) Binding of human 
fibrinogen to MRP enhances Streptococcus suis survival in host blood in 
a αXβ2 integrin-dependent manner. Sci Rep 6:26966. https://​doi.​org/​10.​
1038/​SREP2​6966

	4.	 Wang J, Kong D, Zhang S, Jiang H, Zheng Y, Zang Y, Hao H, Jiang Y (2015) 
Interaction of fibrinogen and muramidase-released protein promotes 
the development of Streptococcus suis meningitis. Front Micro‑
biol 6:1001. https://​doi.​org/​10.​3389/​FMICB.​2015.​01001

	5.	 Zhao T, Gussak A, van der Hee B, Brugman S, van Baarlen P, Wells JM 
(2024) Identification of plasminogen-binding sites in Streptococcus suis 
enolase that contribute to bacterial translocation across the blood-brain 
barrier. Front Cell Infect Microbiol 14:1356628. https://​doi.​org/​10.​3389/​
FCIMB.​2024.​13566​28

	6.	 Esgleas M, Li Y, Hancock MA, Harel J, Dubreuil JD, Gottschalk M (2008) 
Isolation and characterization of α-enolase, a novel fibronectin-binding 
protein from Streptococcus suis. Microbiology 154:2668-2679 https://​doi.​
org/​10.​1099/​mic.0.​2008/​017145-0

	7.	 Kong D, Chen Z, Wang J, Lv Q, Jiang H, Zheng Y, Xu M, Zhou X, Hao H, 
Jiang Y (2017) Interaction of factor H-binding protein of Streptococcus suis 
with globotriaosylceramide promotes the development of meningitis. 
Virulence 8:1290-1302 https://​doi.​org/​10.​1080/​21505​594.​2017.​13174​26

	8.	 Seele J, Singpiel A, Spoerry C, Pawel-Rammingen UV, Valentin-Weigand 
P, Baums CG (2013) Identification of a novel host-specific IgM protease 

in Streptococcus suis. J Bacteriol 195:930–940. https://​doi.​org/​10.​1128/​JB.​
01875-​12

	9.	 Seele J, Beineke A, Hillermann LM, Jaschok-Kentner B, Von Pawel-Ram‑
mingen U, Valentin-Weigand P, Baums CG (2015) The immunoglobulin 
M-degrading enzyme of Streptococcus suis, IdeSsuis, is involved in comple‑
ment evasion. Vet Res 46:45. https://​doi.​org/​10.​1186/​s13567-​015-​0171-6

	10.	 Rungelrath V, Weiße C, Schütze N, Müller U, Meurer M, Rohde M, Seele J, 
Weigand P-V, Kirschfink M, Beineke A, Schrödl W, Bergmann R, Baums CG 
(2018) IgM cleavage by Streptococcus suis reduces IgM bound to the bac‑
terial surface and is a novel complement evasion mechanism. Virulence 
9:1314–1337. https://​doi.​org/​10.​1080/​21505​594.​2018.​14967​78

	11.	 Rieckmann K, Seydel A, Szewczyk K, Klimke K, Rungelrath V, Baums CG 
(2018) Streptococcus suis cps7: an emerging virulent sequence type (ST29) 
shows a distinct, IgM-determined pattern of bacterial survival in blood 
of piglets during the early adaptive immune response after weaning. Vet 
Res 49:48 https://​doi.​org/​10.​1186/​s13567-​018-​0544-8

	12.	 Dolbec D, Lehoux M, de Beauville AA, Zahn A, Di Noia JM, Segura M 
(2024) Unmutated but T cell dependent IgM antibodies targeting 
Streptococcus suis play an essential role in bacterial clearance. PLoS 
Pathog 20:e1011957. https://​doi.​org/​10.​1371/​JOURN​AL.​PPAT.​10119​57

	13.	 Rungelrath V, Öhlmann S, Alber G, Schrödl W, von Köckritz-Blickwede M, 
de Buhr N, Martens A, Baums CG, Schütze N (2020) Survival of Streptococ-
cus suis in porcine blood is limited by the antibody- and complement- 
dependent oxidative burst response of granulocytes. Infect Immun 
88:e00598-19. https://​doi.​org/​10.​1128/​IAI.​00598-​19

	14.	 Mayer L, Bornemann N, Lehnert S, de Greeff A, Strutzberg-Minder K, 
Rieckmann K, Baums CG (2021) Survival patterns of Streptococcus suis 
serotypes 1 and 14 in porcine blood indicate cross-reactive bactericidal 
antibodies in naturally infected pigs. Vet Microbiol 260:109183. https://​
doi.​org/​10.​1016/j.​vetmic.​2021.​109183

	15.	 Seidel AM, Kauffold J, Protschka M, Baums CG, Alber G, Eschke M (2024) 
Porcine non-conventional B-1-like cells are a potent source of Streptococ-
cus suis-binding IgM. Front Immunol 15:1495359. https://​doi.​org/​10.​3389/​
FIMMU.​2024.​14953​59

	16.	 Faccin JEG, Tokach MD, Goodband RD, Derouchey JM, Woodworth JC, 
Gebhardt JT (2022) Gilt development to improve offspring performance 
and survivability. J Anim Sci 100:skac128. https://​doi.​org/​10.​1093/​JAS/​
SKAC1​28

	17.	 Ferrari CV, Sbardella PE, Bernardi ML, Coutinho ML, Vaz IS, Wentz I, 
Bortolozzo FP (2014) Effect of birth weight and colostrum intake on 
mortality and performance of piglets after cross-fostering in sows of 
different parities. Prev Vet Med 114:259–266. https://​doi.​org/​10.​1016/J.​
PREVE​TMED.​2014.​02.​013

	18.	 Inoue R, Tsukahara T (2021) Composition and physiological functions of 
the porcine colostrum. Anim Sci J 92:e13618. https://​doi.​org/​10.​1111/​ASJ.​
13618

	19.	 Salmon H, Berri M, Gerdts V, Meurens F (2009) Humoral and cellular 
factors of maternal immunity in swine. Dev Comp Immunol 33:384–393. 
https://​doi.​org/​10.​1016/J.​DCI.​2008.​07.​007

	20.	 Poonsuk K, Zimmerman J (2018) Historical and contemporary aspects of 
maternal immunity in swine. Anim Health Res Rev 19:31–45. https://​doi.​
org/​10.​1017/​S1466​25231​70001​23

	21.	 Rieckmann K, Pendzialek SM, Vahlenkamp T, Baums CG (2020) A critical 
review speculating on the protective efficacies of autogenous Streptococ-
cus suis bacterins as used in Europe. Porc Health Manag 6:12. https://​doi.​
org/​10.​1186/​s40813-​020-​00150-6

	22.	 Corsaut L, Martelet L, Goyette-Desjardins G, Beauchamp G, Denicourt M, 
Gottschalk M, Segura M (2021) Immunogenicity study of a Streptococcus 
suis autogenous vaccine in preparturient sows and evaluation of passive 
maternal immunity in piglets. BMC Vet Res 17:72. https://​doi.​org/​10.​1186/​
s12917-​021-​02774-4

	23.	 Jeffery A, Gilbert M, Corsaut L, Gaudreau A, Obradovic MR, Cloutier S, 
Frenette MC, Surprenant C, Lacouture S, Arnal JL, Gottschalk M, Segura M 
(2024) Immune response induced by a Streptococcus suis multi-serotype 
autogenous vaccine used in sows to protect post-weaned piglets. Vet Res 
55:57. https://​doi.​org/​10.​1186/​S13567-​024-​01313-X

	24.	 Baums CG, Brüggemann C, Kock C, Beineke A, Waldmann K-H, Valentin-
Weigand P (2010) Immunogenicity of an autogenous Streptococcus suis 
bacterin in preparturient sows and their piglets in relation to protection 
after weaning. Clin Vac Immunol 17:1589-1597. https://​doi.​org/​10.​1128/​
CVI.​00159-​10

https://doi.org/10.1099/00221287-144-2-325
https://doi.org/10.1038/SREP26966
https://doi.org/10.1038/SREP26966
https://doi.org/10.3389/FMICB.2015.01001
https://doi.org/10.3389/FCIMB.2024.1356628
https://doi.org/10.3389/FCIMB.2024.1356628
https://doi.org/10.1099/mic.0.2008/017145-0
https://doi.org/10.1099/mic.0.2008/017145-0
https://doi.org/10.1080/21505594.2017.1317426
https://doi.org/10.1128/JB.01875-12
https://doi.org/10.1128/JB.01875-12
https://doi.org/10.1186/s13567-015-0171-6
https://doi.org/10.1080/21505594.2018.1496778
https://doi.org/10.1186/s13567-018-0544-8
https://doi.org/10.1371/JOURNAL.PPAT.1011957
https://doi.org/10.1128/IAI.00598-19
https://doi.org/10.1016/j.vetmic.2021.109183
https://doi.org/10.1016/j.vetmic.2021.109183
https://doi.org/10.3389/FIMMU.2024.1495359
https://doi.org/10.3389/FIMMU.2024.1495359
https://doi.org/10.1093/JAS/SKAC128
https://doi.org/10.1093/JAS/SKAC128
https://doi.org/10.1016/J.PREVETMED.2014.02.013
https://doi.org/10.1016/J.PREVETMED.2014.02.013
https://doi.org/10.1111/ASJ.13618
https://doi.org/10.1111/ASJ.13618
https://doi.org/10.1016/J.DCI.2008.07.007
https://doi.org/10.1017/S1466252317000123
https://doi.org/10.1017/S1466252317000123
https://doi.org/10.1186/s40813-020-00150-6
https://doi.org/10.1186/s40813-020-00150-6
https://doi.org/10.1186/s12917-021-02774-4
https://doi.org/10.1186/s12917-021-02774-4
https://doi.org/10.1186/S13567-024-01313-X
https://doi.org/10.1128/CVI.00159-10
https://doi.org/10.1128/CVI.00159-10


Page 16 of 16Hallbauer et al. Veterinary Research           (2026) 57:49 

	25.	 Goyette-Desjardins G, Calzas C, Shiao TC, Neubauer A, Kempker J, Roy R, 
Gottschalk M, Segura M (2016) Protection against Streptococcus suis sero‑
type 2 infection using a capsular polysaccharide glycoconjugate vaccine. 
Infect Immun 84:2059–2075. https://​doi.​org/​10.​1128/​IAI.​00139-​16

	26.	 Jacobs AAC, Grommen AWF, Badbanchi S, van Hout AJ, van Kasteren-
Westerneng TJ, Morales LG, Bron R, Segers RPAM (2024) Serotype 
independent protection induced by a vaccine based on the IgM 
protease of Streptococcus suis and proposal for a new immunity-based 
classification system. Porc Health Manag 10:41. https://​doi.​org/​10.​1186/​
S40813-​024-​00398-2

	27.	 Seele J, Hillermann L-MM, Beineke A, Seitz M, von Pawel-Rammingen 
U, Valentin-Weigand P, Baums CG, Weigand P-V, Baums CG (2015) The 
immunoglobulin M-degrading enzyme of Streptococcus suis, IdeSsuis, is 
a highly protective antigen against serotype 2. Vaccine 33:2207–2212. 
https://​doi.​org/​10.​1016/j.​vacci​ne.​2015.​03.​047

	28.	 Rieckmann K, Seydel A, Klose K, Alber G, Baums CG, Schütze N (2019) Vac‑
cination with the immunoglobulin M-degrading enzyme of Streptococ-
cus suis, Ide, leads to protection against a highly virulent serotype 9 strain. 
Vaccine X 3:100046. https://​doi.​org/​10.​1016/j.​jvacx.​2019.​100046

	29.	 Baums CG, Kaim U, Fulde M, Ramachandran G, Goethe R, Valentin-Wei‑
gand P (2006) Identification of a novel virulence determinant with serum 
opacification activity in Streptococcus suis. Infect Immun 74:6154–6162. 
https://​doi.​org/​10.​1128/​IAI.​00359-​06

	30.	 Silva LMG, Baums CG, Rehm T, Wisselink HJ, Goethe R, Valentin-Weigand 
P (2006) Virulence-associated gene profiling of Streptococcus suis isolates 
by PCR. Vet Microbiol 115:117–127. https://​doi.​org/​10.​1016/j.​vetmic.​2005.​
12.​013

	31.	 Theil PK, Flummer C, Hurley WL, Kristensen NB, Labouriau RL, Sørensen 
MT (2014) Mechanistic model to predict colostrum intake based on 
deuterium oxide dilution technique data and impact of gestation and 
prefarrowing diets on piglet intake and sow yield of colostrum. J Anim 
Sci 92:5507–5519. https://​doi.​org/​10.​2527/​JAS.​2014-​7841

	32.	 Bates D, Mächler M, Bolker BM, Walker SC (2015) Fitting linear mixed-
effects models using lme4. J Stat Softw 67:1–48. https://​doi.​org/​10.​
18637/​JSS.​V067.​I01

	33.	 Kuznetsova A, Brockhoff PB, Christensen RHB (2017) lmerTest package: 
tests in linear mixed effects models. J Stat Softw 82:1–26. https://​doi.​org/​
10.​18637/​JSS.​V082.​I13

	34.	 Mayer L, Liedel C, Klose K, de Greeff A, Rieckmann K, Baums CG (2024) 
Immunogenicities of vaccines including the immunoglobulin M-degrad‑
ing enzyme of Streptococcus suis, rIde , and protective efficacy against 
serotype 14 in piglets. Vaccine X 21:100590. https://​doi.​org/​10.​1016/J.​
JVACX.​2024.​100590

	35.	 Goyette-Desjardins G, Lacouture S, Auger JP, Auger JP, Roy R, Gottschalk 
M, Segura M (2019) Characterization and protective activity of mono‑
clonal antibodies directed against Streptococcus suis serotype 2 capsular 
polysaccharide obtained using a glycoconjugate. Pathogens 8:139. 
https://​doi.​org/​10.​3390/​PATHO​GENS8​030139

	36.	 Curtis J, Bourne FJ (1973) Half-lives of immunoglobulins IgG, IgA and IgM 
in the serum of new-born pigs. Immunology 24:147

	37.	 Sumby P, Whitney AR, Graviss EA, Deleo FR, Musser JM (2006) Genome-
wide analysis of group A Streptococci reveals a mutation that modulates 
global phenotype and disease specificity. PLoS Pathog 2:e5. https://​doi.​
org/​10.​1371/​journ​al.​ppat.​00200​05

	38.	 Bhullar K, Zarepour M, Yu H, Yang H, Croxen M, Stahl M, Finlay BB, Turvey 
SE, Vallance BA (2015) The serine protease autotransporter Pic modulates 
Citrobacter rodentium pathogenesis and its innate recognition by the 
host. Infect Immun 83:2636–2650. https://​doi.​org/​10.​1128/​IAI.​00025-​15

	39.	 Vijayakumar V, Santiago A, Smith R, Smith M, Robins-Browne RM, Nataro 
JP, Ruiz-Perez F (2014) Role of class 1 serine protease autotransporter 
in the pathogenesis of Citrobacter rodentium colitis. Infect Immun 
82:2626–2636. https://​doi.​org/​10.​1128/​IAI.​01518-​13

	40.	 Breitfelder AK, Schrödl W, Baums CG, Alber G, Müller U (2024) The immu‑
noglobulin M-degrading enzyme of Streptococcus suis (IdeSsuis) leads to 
long-lasting inhibition of the activation of porcine IgM-secreting B cells. 
Vet Res 55:114. https://​doi.​org/​10.​1186/​S13567-​024-​01363-1

	41.	 Breitfelder AK, Schrödl W, Rungelrath V, Baums CG, Alber G, Schütze N, 
Müller U (2023) Immunoglobulin M-degrading enzyme of Streptococcus 
suis (IdeSsuis) impairs porcine B cell signaling. Front Immunol 14:1122808. 
https://​doi.​org/​10.​3389/​FIMMU.​2023.​11228​08/​FULL

	42.	 Li Y, Gottschalk M, Esgleas M, Lacouture S, Dubreuil JD, Willson P, Harel J 
(2007) Immunization with recombinant Sao protein confers protection 
against Streptococcus suis infection. Clin Vaccine Immunol 14:937–943. 
https://​doi.​org/​10.​1128/​CVI.​00046-​07

	43.	 Obradovic MR, Corsaut L, Dolbec D, Gottschalk M, Segura M (2021) Exper‑
imental evaluation of protection and immunogenicity of Streptococcus 
suis bacterin - based vaccines formulated with different commercial 
adjuvants in weaned piglets. Vet Res 52:133. https://​doi.​org/​10.​1186/​
s13567-​021-​01004-x

	44.	 Society for Laboratory Animal Science. http://​www.​gv-​solas.​de/​auss/​tie/​
index.​html.

	45.	 The open research repository Zenodo. https://​doi.​org/​10.​5281/​zenodo.​
17251​171.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://doi.org/10.1128/IAI.00139-16
https://doi.org/10.1186/S40813-024-00398-2
https://doi.org/10.1186/S40813-024-00398-2
https://doi.org/10.1016/j.vaccine.2015.03.047
https://doi.org/10.1016/j.jvacx.2019.100046
https://doi.org/10.1128/IAI.00359-06
https://doi.org/10.1016/j.vetmic.2005.12.013
https://doi.org/10.1016/j.vetmic.2005.12.013
https://doi.org/10.2527/JAS.2014-7841
https://doi.org/10.18637/JSS.V067.I01
https://doi.org/10.18637/JSS.V067.I01
https://doi.org/10.18637/JSS.V082.I13
https://doi.org/10.18637/JSS.V082.I13
https://doi.org/10.1016/J.JVACX.2024.100590
https://doi.org/10.1016/J.JVACX.2024.100590
https://doi.org/10.3390/PATHOGENS8030139
https://doi.org/10.1371/journal.ppat.0020005
https://doi.org/10.1371/journal.ppat.0020005
https://doi.org/10.1128/IAI.00025-15
https://doi.org/10.1128/IAI.01518-13
https://doi.org/10.1186/S13567-024-01363-1
https://doi.org/10.3389/FIMMU.2023.1122808/FULL
https://doi.org/10.1128/CVI.00046-07
https://doi.org/10.1186/s13567-021-01004-x
https://doi.org/10.1186/s13567-021-01004-x
http://www.gv-solas.de/auss/tie/index.html
http://www.gv-solas.de/auss/tie/index.html
https://doi.org/10.5281/zenodo.17251171
https://doi.org/10.5281/zenodo.17251171

	Maternal antibodies against the immunoglobulin M-degrading enzyme of Streptococcus suis, IdeSsuis, play an important role in bactericidal immunity in young piglets in the field
	Abstract 
	Introduction
	Materials and methods
	Bacterial strains and growth conditions
	Expression and purification of recombinant IdeSsuis proteins
	Experimental infection of unvaccinated, 4-week-old piglets
	Pathohistological screenings of experimentally infected piglets
	Detection of αIdeSsuis IgG and αS. suis IgM antibodies
	Bactericidal assay
	Longitudinal field study in a herd practicing autogenous vaccination pre-farrowing
	Collection of colostrum samples and calculation of its intake (Cl24)
	Statistical analysis

	Results
	Three different ideSsuis deletion mutants are less efficiently killed than the wt in porcine blood of 4-week-old, non-vaccinated piglets
	The deletion mutant 10ΔideSsuis is hypervirulent in 4-week-old piglets
	Detection of maternal IgG against IdeSsuis in 2-week-old suckling piglets in a herd practicing autogenous bacterin vaccination pre-farrowing
	Levels of IgM recognizing S. suis cps  2 are very low in 2-week-old piglets suckled by bacterin-vaccinated dams and do not correlate with respective levels in colostrum
	Expression of IdeSsuis or nonfunctional IdeSsuis_C195S is associated with significantly increased killing of S. suis cps  2 in blood of 2-week-old piglets
	Levels of αIdeSsuis IgG show a significant, time-independent effect on survival of S. suis wt in blood of 2-, 6-, and 10-week-old piglets on LMM analysis

	Discussion
	Acknowledgments
	References


