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ABSTRACT: The complement system is a part of the natural immune regulation mechanism against invading pathogens. Complement
activation from three different pathways (classical, lectin, and alternative) leads to the formation of C5-convertase, an enzyme for
cleavage of C5 into C5a and C5b, followed by C6, C7, C8, and C9 in membrane attack complex. The C9 is the last complement
component of the terminal lytic pathway, which plays an important role in lysis of the target cells depending on its self-polymerization
to form transmembrane channels. To address the association of C9 with traits related to disease resistance, the complete porcine C9
cDNA was comparatively sequenced to detect single nucleotide polymorphisms (SNPs) in pigs of the breeds Hampshire (HS), Duroc
(DU), Berlin miniature pig (BMP), German Landrace (LR), Pietrain (PIE), and Muong Khuong (Vietnamese potbelly pig). Genotyping
was performed in 417 F2 animals of a resource population (DUMI: DU×BMP) that were vaccinated with Mycoplasma hyopneumoniae,
Aujeszky diseases virus and porcine respiratory and reproductive syndrome virus at 6, 14 and 16 weeks of age, respectively. Two SNPs
were detected within the third exon. One of them has an amino acid substitution. The European porcine breeds (LR and PIE) show
higher allele frequency of these SNPs than Vietnamese porcine breed (MK). Association of the substitution SNP with hemolytic
complement activity indicated statistically significant differences between genotypes in the classical pathway but not in the alternative
pathway. The interactions between eight time points of measurement of complement activity before and after vaccinations and genotypes
were significantly different. The difference in hemolytic complement activity in the both pathways depends on genotype, kind of
vaccine, age and the interaction to the other complement components. These results promote the porcine C9 (pC9) as a candidate gene to
improve general animal health in the future. (Key Words: Porcine C9, Polymorphisms, Hemolytic Complement Activity)

INTRODUCTION

extracellular material into the cell, loss of cytoplasm and
therefore quickly results in death of the target cells. The
The complement system is composed of more than 30 MAC is a sequential self-assembly of one of each molecule
distinct humoral and cell surface proteins (Volanakis, 1998). of C5b, C6, C7, C8, and 6-18 molecules of C9 (Kolb et al.,
Invading pathogens trigger this system as activation agents. 1972; Podack et al., 1982; Tschopp et al., 1984; MullerAs an enzyme, the prior proteins activate the subsequent Eberhard, 1986). C9 is a single-chain protein that has the
proteins to generate C3-convertases, a key enzyme in the unique ability to polymerize during MAC formation
formation of membrane attack complex (MAC), which can (Tschopp, 1984; Volanakis, 1998). Although lysis of
lead to the formation of pores on the cell surface. Insertion erythrocytes occurs even without C9 (Stolfi, 1968), its
of the complex through the cell membrane causes influx of presence increases the rate of hemolysis (Hadding and
Muller-Eberhard, 1969). In vertebrates, the C9 and perforin
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Kira et al. (1998) found C9 deficiency in 4 Japanese
patients suffering from meningococcal meningitis. This
deficiency was the result of a nonsense substitution in
codon 95 in exon 4 of the C9 gene. The same mutation is
cause of dermatomyositis and progressive inflammatory
myopathy in a 28-year-old Japanese woman (Ichikawa et al.,
2001). C9 deficiency was also described in a 29-year-old
woman in good health but with low serum complement
levels (CH50) (Inai et al., 1979). Hemolytic activity in
classical pathway and alternative pathway was associated
with variation of the porcine genes encoding the
complement components pC3 (Wimmers et al., 2003), the
pC5 (Kumar et al., 2004), and the porcine mannose-binding
lectin 1 (pMBL1) and pMBL2 (Phatsara et al., 2007). In a
recent study, Wimmers et al. (2011) promote the terminal
complement components (pC6, pC7, pC8A, pC8B, and
pC9) as strong candidates for disease resistance.
Here the pC9 gene was screened for polymorphism and
examined for genetic association with hemolytic
complement activity in both the classical and the alternative
pathway.
MATERIALS AND METHODS
Experimental design
Experimental animals were the porcine breeds
Hampshire (HS, n = 1), Duroc (DU, n = 1), Berlin miniature
pig (BMP, n = 1), German Landrace (LR, n = 30), Pietrain
(PIE, n = 30), and Muong Khuong (MK, Vietnamese
potbelly pig, n = 25). These animals were used for
identifying cDNA sequence, screening single nucleotide
polymorphisms (SNPs), and genotyping.
A resource population of 417 F2 DUMI (Duroc×Berlin
Minature Pig) animals, the product of backcross between
DU and BMP (Hardge et al., 1999), was used to genotype
the identified SNPs and study the association with
hemolytic complement activity. Therefore, these animals
were divided into two experimental groups i) unvaccinated
control group (n = 36) and ii) trial group (n = 381)
vaccinated with Mycoplasma hyopneumoniae (Mh,
Tellamune, Mycoplasma, Pfizer, Karlsruhe, Germany),
Aujeszky disease virus (ADV, Porcilis, Begonia Diluvac,
Intervet, Tönisvorst, Germany), and porcine reproductive
and respiratory syndrome virus (PRRS, Ingelvac PRRS
MLV, Boehringer Ingelheim, Germany) at 6, 14, and 16
weeks of age, respectively. Ethylenediamine tetraacetic acid
(EDTA) anticoagulated blood samples were taken before
(day 0) and after Mh and ADV vaccination at day 4 and 10
but only at day 10 after PRRS vaccination (8 different
sampling point times) and were immediately cooled on ice.
Sera and plasma isolations were obtained within two hours
by centrifugation at 4°C at a maximum speed of 14.000 rpm
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for 10 minutes and stored at –80°C for further
immunological analysis. For DNA extraction and cDNA
synthesis, tail, ear, and liver tissues were collected from
adult animals, respectively. Just after slaughtering, liver was
immediately frozen in liquid nitrogen or submerged in
RNAlater buffer (Ambicon, Applied Biosystems,
Darmstadt, Germany) according to the manufacturer´s
instruction and stored at –70°C until further analysis.
Preparation of genetic materials
Preparation of genomic DNA from tail or ear samples
was performed by standard proteinase K digestion followed
by phenol-chloroform extraction and ethanol precipitation.
Finally, the DNA was resuspended in 1×Tris-EDTA buffer
and stored at 4°C (Do et al., 2010).
Total RNA was isolated from 100 mg liver tissue using
the one step TRIzol Reagent (Chomczynski et al., 1993,
1995; Do et al., 2010) as recommended by the manufacturer
(Sigma-Aldrich, Taufkirchen, Germany).
First-strand cDNA was synthesized from 1 μg of total
RNA using 500 ng of oligo (dT)13 VN primer (Promega,
Mannheim, Germany) and 500 ng random hexamer primers
(Promega, Germany) (Do et al., 2010).
Primer design and amplicon verification
Based on GenBank entries (accession no. BP139003.1,
CJ007506.1, BX920671, CF363669) the specific
oligonucleotide primers, which could amplify the whole
complete coding region of the pC9 cDNA sequence were
designed using Primer3 tool (Rozen and Skaletsky, 2000).
The primer sequences and their position in cDNA sequence
of candidate genes are given in Table 1. Also these primer
pairs were used to detect SNPs within the pC9 gene by
comparative sequencing.
Polymerase chain reaction (PCR) was performed in 20
μL total volume containing 50 ng of liver cDNA or 100 ng
of genomic DNA, 0.2 mM of each primer (forward or
reverse primer), 50 μM of each dNTP (Roth, Karlsruhe,
Germany), 0.5 U of Taq polymerase (Sigma-Aldrich,
Germany) in 1×Taq buffer and, 1.5 mM of MgCl2. The PCR
thermal cycling program was set up with an initial
denaturation step of 94°C for 4 min followed by 40
amplification cycles (denaturation at 94°C for 30 s,
annealing at 60°C for 30 s, elongation at 72°C for 1 min)
and terminated by an extension at 72°C for 5 min using a
T1 Research Thermocycler (Biometra, Göttingen,
Germany). The PCR product was evaluated on 1% agarose
Tris-acetate-EDTA gel stained with ethidium bromide for
evaluation and documentation. Before sequencing by using
ABI 310 Gene Analyzer (Applied Biosystems, Germany) or
MegaBACE 1000 (GE Healthcare, München, Germany),
the PCR product was purified by ethanol precipitation.
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Table 1. Oligonucleotide primer pairs used for sequencing, screening single nucleotide polymorphisms and genotyping
Primer set
Primer sequence (exon)
Position (nt)1
Length (bp)
Annealing temperature (°C)
C9.1
up 5'-cctttgcagtatgcattttaga-3' (1)
112-133
618
60
down 3'-ttctgaaatttttgtcaactttgg-5' (5)
706-729
C9.2
up 5'-aaagaggcgccttctgtgta-3' (4)
428-447
708
62
down 3'-tgggttccataggtttccaa-5' (7)
1,116-1,135
C9.3
up 5'-tattcctgcatgtcaaaggag-3' (7)
979-999
606
50
down 3'-ccaagttttgtttctttaggtgtg-5' (10)
1,561-1,584
C9.4
up 5'-atgctccggtgctcataaat-3' (9)
1,492-1,511
526
55
down 3'-ccgcatatttgactgctgac-5' (11)
1,998-2,017
C9.5
up 5'-ggagcattgagacctttgga-3' (3)
283-302
511
60
350 G→G
down 3'-gccagctcagactcttccac-5' (4)
528-547
C9.6
up 5'-gagccttgcgaagaccttg-3' (3)
363-381
292
60
407 C→G
down 3'-atagatggcccccttttcac-5' 2
1
2

Localization of primer pairs via GenBank DQ333198.
Intron fragment sequenced.

Detection of SNPs and genotype analysis
One animal of each of porcine breed HS, LR, DU, PIE,
BMP, and MK was used for screening SNPs by comparative
sequencing. The SNP sites were reconfirmed by polymerase
chain reaction-restriction fragment length polymorphism
(PCR-RFLP) genotyping of LR, PIE, and MK animals
using the restriction enzymes BsrDI and HpyCH4III.
Study of association with hemolytic complement activity
To distinguish between the classical (CH50) and the
alternative-pathway (AH50), the standard CH50 and AH50
hemolytic assays were applied according to the methods of
Liu and Young's (1988) and Demey et al. (1993). Briefly,
hemolytic complement activity in the classical and
alternative pathway were expressed as the amount of serum
that caused a 50% hemolysis of antibody sensitised sheep
red blood cells (SRBCs) (CH50, U/mL) and 50% hemolysis
of rabbit erythrocytes (AH50, U/mL) in the reaction
mixture, respectively (Wimmers et al., 2003). Accordingly,
for classical complement reaction SRBCs were sensitised
with hemolysin (anti-sheep red blood cell stroma from
rabbit, Sigma, Taufkirchen, Germany) diluted 1:75 in
Veronal buffered saline (VBS) buffer (containing 3.12 mM
Diethylbarbituric acid; 1.82 mM Diethylbarbituric acid
sodium salt; 145.45 mM NaCl; 1 mM MgCl2; 0.15 mM
CaCl2; pH 7.45; conductivity 13.5 mS). Sensitised SRBCs
were used as a 2% cell-suspension. For testing alternative
complement pathway activity rabbit erythrocytes (RRBC)
were used as foreign surfaces. The RRBC were resuspended
with GVBS-Mg-EGTA buffer (containing 0.1% gelatin;
3.12 mM Diethylbarbituric acid; 1.82 mM Diethylbarbituric
acid sodium salt; 145.45 mM NaCl; 1 mM MgCl2; 20 mM
Ethylene glycol-bis(2-aminoethylether)-N,N,N´,N´-tetraacetic
acid (EGTA); pH 7.45; conductivity 13.5 mS) to a final
concentration 0.5%. Serial dilutions of test sera (50 µL) in
veronal buffer (VBS or GVBS-Mg-EGTA, respectively)

were made in duplicate in flat-bottomed 96-well microtitre
plates (1:2, 1:4, 1:8…). 50 µL of sensitized SRBCs or
RRBC suspension were added to each serum dilution,
respectively. Plates were incubated for 90 min at 37°C.
Absorbance at 650 mn was determined using a microplate
reader. The readings were transformed by the method of
von Krogh according to Mayer (1961) and the hemolytic
titre was expressed as the titre that lysed 50% of the
erythrocytes (CH50 U/mL, AH50 U/mL).
Statistical analysis
In this study, the SAS's PROC MIXED procedure
combined with REPEATED statement (The SAS software
package, release 9.1) were used for analyzing the variance
of experimental dataset to estimate the effect of genotypes
of candidate genes on complement activity at eight different
time points of vaccination. The analysis model address
valid standard errors of the fixed-effect factor estimates in
order to identify other significant environmental and genetic
effects apart from the factor of genotypes and its interaction
by stepwise elimination of non-significant effects.
yijklmno = +sirei+damj+parityk+treatmentl
+genotypem+timen+sexo+ANIMALijklmno
+(genotype×time)mn+ijklmno
Where yijklmno is the hemolytic complement activity
(CH50 and AH50), μ is overall mean, sirei is the fixed-effect
of sire (i = 1 to 3), damj is the fixed-effect of dam (j = 1 to
11), parityk is the fixed-effect of parity (k = 1 to 5),
treatmentl is the fixed-effect of treatment-vaccinated group/
unvaccinated group (l = 1 to 2), genotypem is the fixedeffect of genotype (m = 1 to 2), timen is the fixed-effect of
time points of measurement prior and after vaccinations (m
= 1 to 8), sexo is the fixed-effect of sex (o = 1 to 2),
ANIMALijklmno is the random effect of animal, (genotype×
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GenBank
acc.no.
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789

704
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(1) GAPs are uncountable, (2) numbers
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Protein
ABD13966

Amino acid

Figure 1. Structural characteristics of the pC9 gene.

time)mn is the interaction between genotype and time point,
and εijklmno is the residual error.
RESULTS AND DISCUSSION
Single nucleotide polymorphisms
The whole cDNA length of the pC9 gene was sequenced
(GenBank NM_001097448) containing a total of 2,536 bp
encoding 543 amino acids (Figure 1). An alignment of
cDNA sequence to NCBI Map Viewer revealed the pC9 had
a long 3´untranslated region of 815 bp, which may play a
role in C9 expression (DiScipio et al., 1984).
It was easy to identify three distinct structural units in
the pC9 protein sequence, which have the characteristic
features of the modules of thrombospondin type I (TSP1,
amino acids 45-95), low-density lipoprotein receptor
domain Class A (LDLa, amino acids 100-136), and
MAC/perforin domain (MACPF, amino acids 297-507)
according to SMART software (http://smart.emblheidelberg.de/). The terminal complement components C6,
C7, C8A, C8B, and C9 are structurally related proteins,
differing in size and complexity. Actually, the pC9 protein
shares 24, 22, 27, and 24% identity with pC6 (GenBank

ABD13967), pC7 (GenBank AAD45918), pC8A (GenBank
ABD13968), and pC8B (GenBank ABD13969),
respectively. Probably, proteins of the terminal pathway
(C6-9) originated from a single ancestral gene (Katagiri et
al., 1999; Mondragón-Palomino et al., 1999). In various
animal species, the LDLa domain contains the highly
conserved sequence Asp-Cys-X-Asp-Gly-Ser-Asp-Glu,
which is implied as a functional sequence for binding to
apoprotein B and E (Yamamoto et al., 1984; Stanley et al.,
1985).
Comparative sequencing of samples from different pig
breeds revealed two SNPs at nucleotide 350A→G (codon
87CAA→CAG, TSP1 domain, exon 3) and 407C→G
(codon 106CAC→CAG, LDLa domain, exon 3) (Figure 2).
The first SNP is a silent mutation, whereas the second SNP
has an amino acid exchange His→Gln. Genotyping was
done in unrelated commercial animals of breeds LR, PIE,
and MK as well as in the F2 DUMI population (Table 2).
At the 350A→G, LR, and PIE showed numerous AA
homozygous and AG heterozygous genotypes whereas MK
were fixed for GG homologous genotype. Another SNP site
407C→G was segregating in the F2 DUMI animals but not
in the commercial animals (LR, PIE, or MK). No

C
45
27

139

27 18

166

121

267

101

292

25 bp

121
Figure 2. Representative pattern of detection of SNP using PCR-RFLP/HpyCH4III at position 407C→G, homologous GG (139 bp) and
heterologous CG (121 bp+139 bp) in the pC9 candidate gene. SNP, single nucleotide polymorphism; PCR-RFLP, polymerase chain
reaction-restriction fragment length polymorphism.
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hemolytic activity in the classical pathway (p = 0.049) was
recorded. However, this was not found between two
SNP
LR
PIE
MK
genotypes (respectively, 62.73±2.82 and 61.52±2.39 U/mL)
Genotypic
350A→G
in alternative pathway (Figure 3).
frequency
AA
0.07
0.07
0.00
Analyzing interaction between genotypes and hemolytic
AG
0.60
0.27
0.00
activity in the classical pathway indicated that the
GG
0.33
0.67
1.00
homozygous GG genotype always had higher hemolytic
407C→G
activity than the heterozygous CG during the experiment
CC
0.00
0.00
0.00
(Figure 4). Furthermore, CH50 reached a maximum level at
day 4 after immunization with ADV for both homozygous
CG
0.00
0.00
0.00
GG (83.09±3.85 U/mL) and heterozygous CG (78.12±4.72
GG
1.00
1.00
1.00
U/mL) genotypes. This can partly be due to higher age at
Allelic
350A→G
frequency
ADV vaccination (14 weeks) compared to Mh vaccination
A
0.37
0.20
0.00
(6 weeks of age) and the kind of vaccine. PRRS vaccination
G
0.63
0.80
1.00
was only 2 weeks after ADV. Here a similar high
408C→G
complement activity was observed and an aging effect is
C
0.00
0.00
0.00
not likely. However, this interaction in the classical pathway
G
1.00
1.00
1.00
was not significant different (p = 0.314).
SNP, single nucleotide polymorphism; LR, Landrace; PIE, Pietrain; MK,
Muong Khuong.
The results also demonstrated that there was significant
difference in the interaction between genotypes and
significant differences between the observed and the immunized point times in the alternative pathway (p =
expected numbers of genotypes were found in LR, PIE, or 0.034) (Figure 4). A linear increment of AH50 value along
MK populations for the pC9 gene. All genotypic and allelic the experimental process was found.
patterns were in Hardy-Weinberg equilibrium.
Performance of hemolytic complement activity via the
In this study, the SNP with amino acid substitution was classical and alternative pathway can originate from many
investigated for association with hemolytic complement different causes including genetic variation within the pC9
activity in the classical and alternative pathway using the F2 candidate gene, in which the allele “G” at point mutation
DUMI resource population. This SNP showed two different 407C→G was favourable. This SNP could be added to
genotypes GG and CG in F2 DUMI. The allele “C” maybe SNP-GeneChip for selecting healthy pigs, who may have
derived from Saddleback pigs, one of the breeds used to naturally improved defence against invading pathogens.
create Berlin Miniature pigs. These genetic variations may
Previous studies indicated that hemotylic complement
play an important role in the structural formation and activity was affected by many factors. For example,
function of the protein domains and therefore may affect the lipopolysaccharide of Mycoplasma species interacting with
activity of the complement components in cell lysis.
C1 and inducing an antibody-independent activation of the
complement system via the classical pathway (Bredt et al.,
Association
1977; Rosendal et al., 1994), Epstein-Barr-Viruses
Significant difference between different genotypes GG activating both complement pathways (Mayes et al., 1984;
(69.49±3.17 U/mL) and CG (63.59±3.65 U/mL) in Mold et al., 1988), vaccination affecting acute phase
Table 2. Genotypic frequencies of the candidate gene in different
breeds

80.00

CH50 (p = 0.049)
63.59b

69.49a

80.00

60.00

60.00

40.00

40.00

20.00

20.00

0.00

0.00

CG

GG

AH50 (p = 0.597)
62.73

61.52

CG

GG

Figure 3. Plot of least square means of hemolytic complement activity in the classical (CH50) and alternative (AH50) pathway
depending on genotypes of the porcine C9 gene.
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AH50: genotype×time
(p = 0.034)

CH50: genotype×time
(p = 0.314)

100

100.00

80

80.00

60

60.00

40

CG

40.00

GG

CG

GG
PRRS10

PRRS0

ADV10

ADV4

ADV0

Mh10

Mh4

PRRS10

PRRS0

ADV10

ADV4

ADV0

Mh10

Mh4

Mh0

Mh0

20.00

20

Figure 4. Plots of least squares means of hemolytic complement activity in the classical (CH50) and alternative (AH50) pathway along
vaccination for the interaction of C9 genotypes and eight different time points (U/mL).

response through cytokines like interleukin-1 (IL1), IL6,
and transforming growth factor beta 1 (TGFB1) that are
released during immune response and, in particular, trigger
the complement activity (Castell et al., 1989; Mackiewicz et
al., 1990; Gonzalez-Ramon et al., 2000). Clearly, the
activation of the complement system via the classical
pathway is initiated by the interaction of the C1q
component with the Fc regions of antigen-antibody
complexes (Reid and Porter, 1981; Wimmers et al., 2003)
while the alternative complement pathway is directly
activated via binding of spontaneously activated C3b to the
surface of a pathogen (Reid and Porter, 1981; Thacker,
2003). The complement system is immature at birth, then
repeated antigenic stimulation leads to the complete
maturation of specific immunity. Breed and age are
important factors influencing the response to various
stressors or infectious challenges (Sutherland et al., 2005).
In this study, the hemolytic complement activity in the
classical was stronger than in the alternative. It could be due
to presence of the core motif Glu-X-Lys-X-Lys (E398IKGK
and E442LKEK) in molecular structure of the pC9. Miletic
and Frank (1995) suggested that C1q binding by
immunoglobulin G utilized this motif. The last contribution
may depend on both antigen-specific and antigennonspecific immune responses of host along the experiment
and the antibodies that were accumulated after each
vaccination causing responsiveness.
IMPLICATIONS
Genetic variation, kind of inoculated vaccine, aging, and
the interaction among other complement components are
major features causing either indirect or direct effects on
complement activation of the both pathways. These make
boosting hemolytic complement activity in the classical

pathway significantly higher than in the alternative pathway.
Complement activation via viral/bacterial vaccination is
very complicated. The obtained results provide the means
for further understanding the role of the pC9 in natural
immune response of the host against pathogens. It also
promotes the pC9 as candidate gene for disease resistance.
ACKNOWLEDGMENTS
We greatly appreciate support from the BMBF
(Bundesministerium für Bildung und Forschung) and DRL
(Deutschen Zentrums für Luft- und Raumfahrt) to conduct
this project.
REFERENCES
Bredt, W., B. Wellek, H. Brunner, and M. Loos. 1977. Interactions
between mycoplasma pneumoniae and the first components of
complement. Infect. Immun. 15:7-12.
Castell, J. V., M. J. Gomez-Lechon, M. David, T. Andus, T. Geiger,
R. Trullenque, R. Fabra, and P. C. Heinrich. 1989. Interleukin6 is the major regulator of acute phase protein synthesis in
adult human hepatocytes. FEBS Lett. 242:237-239.
Chomczynski, P. 1993. A reagent for the single-step simultaneous
isolation of RNA, DNA and proteins from cell and tissue
samples. Biotechniques 15:532-534.
Chomcznski, P. and K. Mackey. 1995. Modification of the Tri
Reagent procedure for isolation of RNA from polysaccharideand proteoglycan-rich sources. Biotechniques 19:942-945.
Demey, F., V. S. Pandey, R. Baelmans, G. Agbede, and A. Verhulst.
1993. The effect of storage at low temperature on the
haemolytic complement activity of chicken serum. Vet. Res.
Commun. 17:37-40.
DiScipio, R. G., M. R. Gehring, E. R. Podack, C. C. Kan, T. E.
Hugli, and G. H. Fey. 1984. Nucleotide sequence of cDNA and
derived amino acid sequence of human complement
component C9. Proc. Nat. Acad. Sci. 81:7298-7302.

1360

Khoa and Wimmers (2015) Asian Australas. J. Anim. Sci. 28:1354-1361

Do, V. A. K. 2010. Porcine terminal complement genes C6-9:
Molecular characterization of terminal complement genes and
their association with hemolytic complement activity in pigs.
VDM Verlag Dr. Müller Publisher. Berlin, Germany.
Gonzalez-Ramon, N., K. Hoebe, M. A. Alava, L. Van Leengoed,
M. Pineiro, S. Carmona, M. Iturralde, F. Lampreave, and A.
Pineiro. 2000. Pig MAP/ITIH4 and haptoglobin are
interleukin-6-dependent acute-phase plasma proteins in
porcine primary cultured hepatocytes. Eur. J. Biochem. 267:
1878-1885.
Hadding, U. and H. J. Muller-Eberhard. 1969. The ninth
component of human complement: Isolation, description and
mode of action. Immunology 16:719-735.
Hardge, T., K. Koepke, M. Reissman, and K. Wimmers. 1999.
Maternal influences on litter size and growth in reciprocol
crossed Miniature Pigs and Durocs. Arch. Anim. Breed. 42:8392.
Ichikawa, E., J. Furuta, Y. Kawachi, S. Imakado, and F. Otsuka.
2001. Hereditary complement (C9) deficiency associated with
dermatomyositis. Br. J. Dermatol. 144:1080-1083.
Inai, S., H. Kitamura, S. Hiramatsu, and K. Nagaki. 1979.
Deficiency of the ninth component of complement in man. J.
Clin. Lab. Immunol. 2:85-87.
Katagiri, T., L. Hirono, and T. Aoki. 1999. Molecular analysis of
complement component C8β and C9 cDNAs of Japanese
flounder, Paralichthys olivaceus. Immunogenetics 50:43-48.
Kira, R., K. Ihara, H. Takada, K. Gondo, and T. Hara. 1998.
Nonsense mutation in exon 4 of human complement C9 gene
is the major cause of Japanese complement C9 deficiency.
Hum. Genet. 102:605-610.
Kolb, W. P., J. A. Haxby, C. M. Arroyave, and H. J. MullerEberhard. 1972. Molecular analysis of the membrane attack
mechanism of complement. J. Exp. Med. 135:549-566.
Kumar, K. G., S. Ponsuksili, K. Schellander, and K. Wimmers.
2004. Molecular cloning and sequencing of porcine C5 gene
and its association with immunological traits. Immunogenetics
55:811-817.
Liu, C. C. and J. D. Young. 1988. A semi-automated microassay
for complement activity. J. Immunol. Methods 114:33-39.
Mackiewicz, A., M. K. Ganapathi, D. Schultz, A. Brabenec, J.
Weinstein, M. F. Kelley, and I. Kushner. 1990. Transforming
growth factor beta 1 regulates production of acute-phase
proteins. Proc. Natl. Acad. Sci. USA 87:1491-495.
Mayes, J. T., R. D. Schreiber, and N. R. Cooper. 1984.
Development and application of an enzyme-linked
immunosorbent assay for the quantitation of alternative
complement pathway activation in human serum. J. Clin.
Invest. 73:160-170.
Miletic, V. D. and M. M. Frank. 1995. Complement—
immunoglobulin interactions. Curr. Opin. Immunol. 7:41-47.
Mold, C., B. M. Bradt, G. R. Nemerow, and N. R. Cooper. 1988.
Activation of the alternative complement pathway by EBV and
the viral envelope glycoprotein, gp350. J. Immunol. 140:
3867-3874.
Mondragón-Palomino, M., D. Piñero, A. Nicholson-Weller, and J.
P. Laclette. 1999. Phylogenetic analysis of the homologous
proteins of the terminal complement complex supports the
emergence of C6 and C7 followed by C8 and C9. J. Mol. Evol.
49:282-289.
Muller-Eberhard, H. J. 1986. The membrane attack complex of

complement. Annu. Rev. Immunol. 4:503-528.
Phatsara, C., D. G. J. Jennen, S. Ponsuksili, E. Murani, D. Tesfaye,
K. Schellander, and K. Wimmers. 2007. Molecular genetic
analysis of porcine mannose-binding lectin genes, MBL1 and
MBL2, and their association with complement activity. Int. J.
Immunogenet. 34:55-63.
Podack, E. R., J. Tschoop, and H. J. Muller-Eberhard. 1982.
Molecular organization of C9 within the membrane attack
complex of complement. Induction of circular C9
polymerization by the C5b-8 assembly. J. Exp. Med. 156:268282.
Reid, K. B. M. and R. R. Porter. 1981. The proteolytic activation
systems of complement. Annu. Rev. Biochem. 50:433-464.
Rosado, C. J., A. M. Buckle, R. H. Law, R. E. Butcher, W. T. Kan,
C. H. Bird, K. Ung, K. A. Browne, K. Baran, T. A.
Bashtannyk-Puhalovich, N. G. Faux, W. Wong, C. J. Porter, R.
N. Pike, A. M. Ellisdon, M. C. Pearce, S. P. Bottomley, J.
Emsley, A. I. Smith, J. Rossjohn, E. L. Hartland, I.
Voskoboinik, J. A. Trapani, P. I. Bird, M. A. Dunstone, and J.
C. Whisstock. 2007. A common fold mediates vertebrate
defense and bacterial attack. Science 317(5844):1548-1551.
Rosendal, S. 1994. Ovine and caprine mycoplasmas. In:
Mycoplasmosis in Animals: Laboratory Diagnosis (Eds. H. W.
Whitford, R. F. Rosenbush, and L. H. Lauerman). Iowa State
University Press, Ames, IA, USA. 84-96.
Rozen, S. and H. J. Skaletsky. 2000. Primer3 on the WWW for
general users and for biologist programmers. In:
Bioinformatics Methods and Protocols (Eds. S. Krawetz and S.
Misener). Methods Mol. Biol. 132:365-386.
Stanley, K. K., H. P. Kocher, J. P. Luzio, P. Jackson, and J.
Tschopp. 1985. The sequence and topology of human
complement component C9. EMBO J. 4:375-382.
Stolfi, R. L. 1968. Immune lytic transformation: A state of
irreversible damage generated as a result of the reaction of the
eighth component in the guinea pig complement system. J
Immunol. 100:46-54.
Sutherland, M. A., S. L. Rodriguez-Zas, M. Ellis, and J. L. SalakJohnson. 2005. Breed and age affect baseline immune traits,
cortisol, and performance in growing pigs. J. Anim. Sci. 83:
2087-2095.
Thacker, E. L. 2003. Immunology - the innate immune system. Pig
J. 52:111-123.
Thomsen, D. P., A. K. Winterø, and M. Fredholm. 1998.
Chromosomal assignments of 19 porcine cDNA sequences by
FISH. Mamm. Genome 9:394-396.
Tschopp, J. 1984. Circular polymerization of the membranolytic
ninth component of complement. Dependence on metal ions. J.
Biol. Chem. 259:10569-10573.
Tschopp, J. 1984. Ultrastructure of the membrane attack complex
of complement. Heterogeneity of the complex caused by
different degree of C9 polymerization. J. Biol. Chem. 259:
7857-7863.
Volanakis, J. E. 1998. Overview of the complement system. In:
The Human Complement System in Health and Disease (Eds. J.
E. Volanakis and M. Frank). Marcel Dekker Inc., New York,
NY, USA. 9-32.
Wimmers, K., S. Mekchay, K. Schellander, and S. Ponsuksili.
2003. Molecular characterization of the pig C3 gene and its
association with complement activity. Immunogenetics 54:
714-724.

Khoa and Wimmers (2015) Asian Australas. J. Anim. Sci. 28:1354-1361
Wimmers, K., D. V. A. Khoa, S. Schütze, E. Murani, and S.
Ponsuksili.
2011.
The
three-way
relationship
of
polymorphisms of porcine genes encoding terminal
complement components, their differential expression, and
health-related phenotypes. BMC Proc. 5(4):S19.

1361

Yamamoto, T., C. G. Davis, M. S. Brown, W. J. Schneider, M. L.
Casey, J. L. Goldstein, and D. W. Russell. 1984. The human
LDL receptor: A cysteine-rich protein with multiple Alu
sequences in its mRNA. Cell 39:27-38.

