
  INTRODUCTION 
  Immunity in vertebrates that ensures their resistance 

or susceptibility to diseases consists of innate and ac-
quired mechanisms. Innate immunity establishes the 
first barrier against pathogens and it develops natu-
rally, based mostly on the genetic makeup of the in-
dividual. An important part of the humoral innate 
immunity in vertebrates is the presence of natural anti-
bodies (NA), which are immunoglobulins that need no 
exogenous stimulation of the immune system to be se-
creted by B-1 cells in large quantities (Bos et al., 1988; 
Baumgarth et al., 2005). Even though NA express low 
affinity to pathogens, they are very effective as a first 

barrier to pathogen invasion, mostly because of their 
massive presence in the host organism and polyreactiv-
ity (i.e., the ability to bind to virtually any antigen in 
a very short time; Casali and Schettino, 1996; Zhou et 
al., 2007). Therefore, NA are considered to be a cru-
cial immune barrier at the initial stages of the immune 
response, before the acquired antibodies are generated 
(Ochsenbein et al., 1999). The NA bind different highly 
conserved, homologous epitopes (homotopes); for ex-
ample, lipopolysaccharide (LPS), the molecule found 
in the outer membrane of gram-negative bacteria, or 
lipoteichoic acid (LTA), which is an ingredient of a cell 
wall of gram-positive bacteria. 

  Genetic loci involved in the determination of the NA 
titers in chickens were initially discovered with a QTL 
linkage study (Siwek et al., 2006). This study included 
a whole-genome scan with microsatellite markers and 
allowed detection of several chromosomal regions en-
coding innate humoral immune response to environ-
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  ABSTRACT   Natural antibodies (NA) create a crucial 
barrier at the initial steps of the innate humoral im-
mune response. The main role of NA in the defense sys-
tem is to bind the pathogens at early stages of infection. 
Different pathogens are recognized by the presence of 
highly conserved antigen determinant [e.g., lipopolysac-
charide (LPS) in gram-negative bacteria or lipoteichoic 
acid (LTA) in gram-positive bacteria]. In chickens, a 
different genetic background of NA binds LPS and LTA 
antigens, encoded by different QTL. The main objective 
of this work was to confirm known QTL associated with 
LPS and LTA NA. For this purpose a chicken reference 
population was created by crossing 2 breeds: a com-
mercial layer, White Leghorn, and a Polish indigenous 
chicken, Green-Legged Partridgelike. The chromosomal 
regions analyzed harbored to GGA3, GGA5, GGA6, 

GGA8, GGA9, GGA10, GGA14, GGA15, GGA18, and 
GGAZ. The data collected consisted of the NA titers 
binding LPS and LTA (determined by ELISA at 12 
wk of age) as well as the genotypes (30 short tandem 
repeat markers; average of 3 markers/chromosome, col-
lected for generations F0, F1, and F2). The analyses 
were performed with 3 statistical models (paternal and 
maternal half-sib, line cross, and linkage analysis and 
linkage disequilibrium) implemented in GridQTL soft-
ware (http://www.gridqtl.org.uk/). The QTL study of 
humoral innate immune response traits resulted in the 
confirmation of 3 QTL associated with NA titers bind-
ing LPS (located on GGA9, GGA18, and GGAZ) and 
2 QTL associated with NA titers binding LTA (located 
on GGA5 and GGA14). A set of candidate genes within 
the regions of the validated QTL has been proposed. 
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mental antigens on different chicken chromosomes [i.e., 
LPS (GGA3, GGA6, GGA8, GGA9, GGA15, GGA18, 
GGAZ) and LTA (GGA3, GGA5, GGA10, GGA14)]. 
Confirmation of the QTL is an important step in the 
workflow of dissecting the genetic background of quan-
titative traits. Remapping of known QTL regions in 
independent populations proves the segregation of the 
given loci and reduces the false-positive results. For this 
reason the QTL validation studies that use different 
populations or different marker sets are often reported 
as follow up studies to initial whole-genome scans, es-
pecially in humans (Liu et al., 2003; Tzenova et al., 
2004; Cheung et al., 2006), rodents (Fehr et al., 2005; 
Bennett et al., 2006; Hoopes et al., 2006; Kumar et 
al., 2007; Radcliffe et al., 2007; Boyle and Gill, 2008), 
and livestock (Bennewitz et al., 2003; King et al., 2003; 
Jennen et al., 2005; Jiang et al., 2005; Wattrang et al., 
2005; Houston et al., 2008; Sławińska et al., 2009; Siwek 
et al., 2010).

For a confirmation of the QTL associated with the 
humoral innate immunity in chickens, a new reference 
population was set up based on 2 chicken breeds of 
different origin, selection history, and economic use: 
Green-Legged Partridgelike (GP) and White Leghorn 
(WL). The GP is a dual-purpose Polish chicken, de-
veloped at the beginning of 20th century and kept lo-
cally in central eastern Poland as a free-range chicken. 
The GP chicken has been protected from extinction by 
the means of in situ preservation. The animals in the 
conservation program were kept in a conservation flock 
without selection for more than 50 generations. The 
GP is well adapted to harsh environmental conditions 
and therefore it is more fit and disease resistant (Cywa-
Benko, 2002; Witkowski et al., 2009). The WL is a 
breed that originated in Italy and was selected for its 
laying performance. The WL chickens used in our ex-
perimental population derived from a pure line (H-33) 
kept in the conservation flock. The goal of this study 
was to validate the QTL associated with the NA titers 
binding LPS and LTA antigens with use of a WL × GP 
chicken experimental population.

MATERIALS AND METHODS

Experimental Population
Analyses were carried out based on the experimen-

tal population created by crossing 2 chicken breeds, 
GP and WL, as described by Siwek et al. (2010). The 
animals were reproduced in 3 generations. For repro-
ducing the F0 generation, 5 flocks were created, each 
of them consisting of 1 WL male and 5 to 8 GP fe-
males. Altogether, 115 F1 individuals were obtained in 
2 hatches. Matings among F1 progeny were set based 
on the selection criterion, which was adaptive immune 
response to keyhole lympet hemocyanine (KLH; high 
vs. low antibody titers) 7 d after immunization with 
exogenous antigen (i.e., KLH). As a result, 491 F2 indi-
viduals were obtained in 6 hatches over a 4-mo period 

(June–September 2007). The blood samples for further 
analysis were collected from nonimmunized animals (d 
0) at 12 wk of age. For the blood collection a Vacuette 
blood collection system (Greiner Bio One, Frickenhau-
sen, Germany) was used. On average, 2 mL of blood 
was drawn from the wing vein of the chicken into the 
individual tubes coated with EDTA anticoagulant and 
centrifuged (600 × g for 5 min at room temperature) to 
separate blood cells from serum. Afterward, serum was 
aspirated to sterile tubes and the samples were stored 
at −20°C until further analytical procedures.

DNA Extraction and Microsatellite 
Genotyping

Genomic DNA was isolated from blood cells using 
MasterPure DNA Purification Kit for Blood (Epicenter 
Biotechnologies, Madison, WI). The extraction proce-
dure recommended by the manufacturer (Miller et al., 
1988) was modified because of the presence of nucleated 
erythrocytes in the chicken blood (10 μL of the blood 
cells pellet was used for DNA extraction). The mic-
rosatellite markers that flank the known QTL regions 
linked to LTA and LPS were selected based on the liter-
ature data housed by AnimalQTLdb (Hu et al., 2007). 
Altogether, a set of 30 microsatellite markers was am-
plified in PCR reactions. In general, the PCR was car-
ried out in a volume of 10 μL. Each reaction contained 
75 mM Tris-HCl (pH 8.8), 20 mM (NH4)2SO4, 0.01% 
Tween 20, 5 nmol of TMACl, 2.0 mM MgCl2, 20 ng of 
DNA template, 0.25 U of recombinant Taq polymerase 
(Fermentas, Vilnius, Lithuania), and from 0.2 to 0.75 
pmol of specific primers. Forward primers were labeled 
with IRD800 fluorescent dye (MWG, Biotech, Ebers-
berg, Germany). Reverse primers were unmodified 
(Genosys, Sigma-Aldrich GmbH, Schnelldorf, Germa-
ny). The following markers were amplified in the multi-
plex PCR reactions: MCW0222, MCW0214, ADL0118 
and ADL0345 (first multiplex PCR), MCW0150 and 
MCW0123 (second multiplex PCR), and LEI0097 and 
ADL0200 (third multiplex PCR). Temperature pro-
grams set on a PCR machine (TGradient, Biometra 
GmbH, Goettingen, Germany) included 5 min of dou-
ble-stranded DNA denaturation at 95°C, followed by 
35 amplification cycles (DNA denaturation at 95°C for 
30 s; primers annealing at 48–52°C for 30 s; and DNA 
synthesis at 72°C for 30 s) and final DNA synthesis 
at 72°C for 4 min. Genotypes at 30 microsatellite loci 
were determined for all individuals by gel electropho-
resis performed on a 4200 Li-Cor DNA Analyzer (Li-
Cor Biosciences, Lincoln, NE). Alleles were scored with 
SAGA genotyping software (Li-Cor Biosciences).

Determination of NA Titers by ELISA
Two environmental antigens (LPS and LTA) that 

bind different NA were applied in ELISA to define the 
overall humoral innate immune response in chickens. 
Titers of NA were determined in the serum of 12-wk-
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old chickens by ELISA. The assay was performed for 
2 homotopes (LPS and LTA) according to the meth-
odology reported by Siwek et al. (2006). Briefly, the 
titration plates were coated with 4 μg/mL of LPS from 
Escherichia coli (Sigma-Aldrich GmbH) and 10 μg/
mL of LTA from Staphylococcus aureus (Sigma-Aldrich 
GmbH). Serum samples were applied on the coated 
plates. Binding of NA to LPS and LTA antigens was 
detected by 1:20,000 diluted rabbit antichicken anti-
body (IgGH

+
L; Nordic, Tilburg, the Netherlands) con-

jugated to peroxidase (PO; RAch/IgG H+
L/PO). Sub-

strate for enzymatic color reaction was 0.05% H2O2 
with addition of tetramethylbenzidine. Absorbancies 
were measured with a multiscan (Labsystems, Helsinki, 
Finland) at 450 nm. Results were expressed as log2 of 
the maximum serum dilution at which a positive color 
reaction was detected.

Statistical Evaluation
The genotypic microsatellite data set was evaluated 

with the Excel Microsatellite Toolkit (Park, 2001) and 
checked for the Mendelian inheritance errors between 
parents and offspring. The setup of the experimental 
population fitted different statistical approaches for 
QTL study: 1) regression analysis within paternal and 
maternal half-sib families (HS; Knott et al., 1996), in-
cluding 6 paternal half-sib families with the average 
size of 82 offspring/sire and 9 maternal half-sib families 
with the average size of 33 offspring/dam; 2) line-cross 
regression analysis (LC; Haley and Knott, 1992), in-
cluding 27 of F0, 45 of F1, and 491 of F2 individu-
als; and 3) linkage disequilibrium and linkage analysis 
(LDLA; Hernández -Sánchez et al., 2009).

All of the models are implemented in a GridQTL 
package [Seaton et al., 2006; http://www.gridqtl.org.
uk/ (HS and LC) and http://cleopatra.cap.ed.ac.uk/
gridsphere/gridsphere (LDLA)]. In both HS and LC 
models, a simple regression analysis was used to calcu-
late the test statistics for the presence or absence of a 
single QTL at each centimorgan. Significance thresh-
olds (5 and 1%) were individually calculated for each 
chromosome and each trait by performing 500 chro-
mosome-wide permutations. Confidence intervals of the 
QTL were calculated using bootstrap with resampling. 
Hatch and sex of animals were considered as fixed ef-
fects. The LC model also included additive and dom-
inant genetic effects. On the other hand, the LDLA 
model is based on the combined linkage analysis and 
linkage disequilibrium. In addition to pedigree and mo-
lecular markers it uses population history information 
and the multiple regression method is implemented to 
estimate the identical-by-descent status of the individu-
al loci. On the basis of the identical-by-descent matrix, 
additive or dominant variance at the QTL region was 
calculated, and it was consecutively analyzed for the 
presence of additive or dominant effects. The results 
were tested based on the likelihood ratio test, expressed 
as the D statistic. The significance threshold for the 

test statistic D that supported the alternative hypoth-
esis (presence of a single QTL) was 3.8.

RESULTS AND DISCUSSION

Evaluation of Genotypic Data Set  
for Linkage Analysis

The initial genotypic data set for a QTL study com-
prised 30 microsatellite markers, but after data evalu-
ation 2 markers (MCW0038 and MCW0136) appeared 
to be monomorphic across the whole chicken popula-
tion genotyped and therefore uninformative. Thus, they 
were excluded from further analyses and the following 
study was performed on 28 microsatellite markers. The 
panel of genotypes analyzed varied in terms of poly-
morphism expressed by the number of alleles, hetero-
zygosity, and polymorphic information content (data 
not shown). On average, 3.7 alleles per microsatellite 
marker were obtained. Observed and expected hetero-
zygosity reached similar values (0.47) but with high 
standard deviations, reaching 0.215 and 0.192, respec-
tively. Mean polymorphic information content for 28 
loci was 0.42 ± 0.179. Based on the scale of Botstein et 
al. (1980), the panel of microsatellite markers was as-
sessed as moderately informative.

LPS and LTA NA Titers
The second component of the data set included NA 

titers binding LPS and LTA. Table 1 presents the de-
scriptive statistics of both NA titers in F2 generation. 
In general, the titers of NA were higher for LTA anti-
gen (5.6 log2 ELISA titers) when compared with LPS 
antigen (2.9 log2 ELISA titers). In both cases standard 
deviation (1.30 for LPS NA and 1.75 for LTA NA) as 
well as the differences between minimum and maxi-
mum values (7.8 for LPS NA and 11 for LTA NA) were 
high. High diversity in the phenotypic scores is consid-
ered desirable because, according to van Arendonk et 
al. (1994), the greater diversity within the traits, the 
greater likelihood of obtaining linkage disequilibrium 
(LD) for genes controlling the phenotype. The NA ti-
ters reported here were consistent with the literature 
(Siwek et al., 2006; Minozzi et al., 2008).

The heritability of the NA in the chicken resource 
population was moderately high for LTA NA titers 

Table 1. Descriptive statistics of lipopolysaccharide (LPS) and 
lipoteichoic acid (LTA) natural antibody (NA) titers in the 
blood serum of F2 generation of White Leghorn × Green-Legged 
Partridgelike chicken crossbreds 

Trait n Mean1 Minimum2 Maximum3

LPS 491 2.9 (1.30) 1 8.8
LTA 491 5.6 (1.75) 1 12

1Mean value of LPS and LTA NA titers; SD given in parentheses.
2Minimum value of LPS and LTA NA titers.
3Maximum value of LPS and LTA NA titers.
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(0.23 ± 0.11) and low for LPS NA (0.10 ± 0.07). The 
results of heritability of NA titers in chickens are in 
concordance with the literature data (Siwek et al., 
2006; Wijga et al., 2009) and the general concept that 
fitness traits (e.g., immune-related traits) express low-
er heritability when compared with other phenotypic 
characteristics (referred to as nonfitness traits) because 
of the higher additive and residual variance (Merilä and 
Sheldon, 1999). High positive genetic correlation was 
obtained for LPS and LTA NA (0.713). This result is 
supported by the literature data (Siwek et al., 2006) 
and suggests that both quantitative traits are encoded 
by common genes.

QTL Mapping with HS Model
The general results of the QTL mapping including 

the location of the QTL in the chicken genome are pre-
sented in Table 2. Overall, 10 QTL associated with LPS 
and LTA NA were mapped to 5 chromosomes with use 
of 3 statistical methods.

Regression analysis with paternal and maternal half-
sib model allowed mapping of as much as 6 statistically 
significant QTL (LPS: GGA5, GGA14, and GGA18; 
LTA: GGA5, GGA18, and GGAZ). In this model the 
power of the statistical test is based mostly on the 
polymorphism of the molecular markers and the het-
erozygosity of parents (sires or dams) in a QTL region 
(Weller, 2001). To increase the likelihood of detecting 
a QTL that segregates within the half-sib family, both 
sires and dams were genotyped. The number of half-sib 
families (9 maternal and 6 paternal) was considered 
sufficient based on the simulation studies conducted by 
Wu and Jannink (2004), who found the greatest pow-
er of QTL mapping when 5 to 10 families were used. 
Therefore, as mentioned before, segregation of different 
QTL was detected in maternal and paternal half-sib 
families. Importantly, 2 QTL (LTA on GGA5 and LPS 

on GGA18) detected in the initial study by Siwek et al. 
(2006) were validated in our population with use of the 
HS model.

QTL Mapping with LC Model
The chicken reference population and experimental 

setup were designed to meet the criteria of the LC 
model (Hayes et al., 2005). As discussed above, the 
lines selected to create a crossbred reference popula-
tion were genetically distant and they were assumed 
to differ in the immune response traits analyzed here. 
However, only 2 significant QTL (LPS on GGA9 and 
GGAZ) were detected using the LC model. Both QTL 
validated the previously detected loci (Siwek et al., 
2006). The low power of the QTL detection with the 
LC model was explained by the results of ANOVA 
as discussed in Siwek et al. (2010), which proved no 
differences between the parental lines with respect to 
KLH titers. Keyhole lympet hemocyanine is a highly 
potent antigen that stimulates the immune response of 
T helper cell (Th)-2 type. The same type of immune 
response is triggered by LTA homotope (Parmentier 
et al., 2004). Therefore, the pathways of immune re-
sponse to KLH and LTA are the same, and lack of dif-
ferences in primary antibody titers to KLH in founder 
lines caused no variation in this phenotypic trait in 
the experimental population. It explains the lack of 
statistically significant QTL associated with LTA NA 
in the experimental population described here. On the 
other hand, LPS homotope has the opposite effect on 
the immune system to LTA and KLH and it favors 
Th-1 immune response (Parmentier et al., 2004). As a 
result, 2 QTL associated with LPS NA were detected 
here, which supports the statement that the experi-
mental population was well suited for Th-1 immune 
type (LPS) QTL discovery with LC statistical model, 
not Th-2 (LTA).

Table 2. Overview of the QTL associated with keyhole lympet hemocyanine, lipopolysaccharide (LPS), and lipoteichoic acid (LTA) 
natural antibody (NA) levels in chickens 

Chromosome Trait1 cM2 CI Marker bracket3 Model4

GGA5 LPS 79* 73–127 MCW0038–MCW0214 HS dam
GGA55 LTA 103** 79–127 MCW0214–MCW0032 HS dam
GGA95 LPS 19* 0–41 ROS0078–GCT0016 LC a
GGA14 LPS 53* 0–77 ADL118–ROS0005 HS sire
GGA14 LPS 14* NE6 ADL0118–ROS0005 LDLA
GGA145 LTA 49* NE MCW0296–ROS0005 LDLA
GGA185 LPS 24* 0–24 MCW0045–MCW0217 HS sire
GGA18 LTA 9* 0–24 MCW0045–MCW0217 HS dam
GGAZ LTA 44* 20–105 MCW0331–MCW0241 HS sire
GGAZ5 LPS 99* 20–105 MCW0331–MCW0241 LC a+d

1Phenotypic trait: LPS or LTA NA titers.
2cM = relative position of the maximum for QTL.
3Microsatellite markers flanking the QTL region.
4HS dam = maternal half-sib regression analysis, dam common parent; HS sire = parental half-sib regression analysis, sire common parent; LC a = 

line-cross regression analysis, additive effects; LDLA = linkage disequilibrium linkage analysis; LC a+d = line-cross regression analysis, additive and 
dominant effects.

5Validated QTL region.
6NE = not estimated.
*P ≤ 0.05; **P ≤ 0.01.
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An advantage of LC model in a QTL analysis is its 
potential to include the genetic effects into the model 
(i.e., additive and dominant effects), which point out 
the interactions between alleles of a given QTL. For the 
QTL associated with LPS NA titers located on GGA9, 
the additive effect was negative (−0.4), which means 
that the QTL allele that was inherited by F2 offspring 
encodes for a low level of the phenotypic trait (q allele). 
Thus, it reduces the level of LPS NA in the filial gen-
eration. In the case of the second QTL detected with 
LC model (LPS on GGAZ) the dominant effects (−0.7) 
were lower than the additive effects (−0.2), which in-
dicates a lower level of phenotypic trait (LPS NA) in 
heterozygous individuals.

QTL Mapping with LDLA Model
Because of limitations of the genetic maps resolu-

tion used in this study, only 1 chromosome (GGA14) 
met the criteria for LDLA mapping. The heritability of 
the QTL effects as calculated in the LDLA model was 
low and ranged from 0.04 to 0.15, but it was consis-
tent with heritability of the phenotypic traits analyzed 
here. The QTL on GGA14 associated with LPS showed 
additive effects (heritability of additive effects, HA

2 = 
0.13), whereas QTL linked to LTA NA was inherited in 
the form of both additive (HA

2 = 0.04) and dominant 
(heritability of dominant effects, HD

2 = 0.15) effects. 
Based on our results, GGA14 harbors validated QTL 
associated with LTA NA.

In general, LDLA is considered a powerful approach 
in QTL mapping. It uses not only recombination events 
that are detected in an analyzed reference population 
but also historical recombination events that occurred 
in the reference population in the previous generations. 
The concept of LDLA model derives from the fact that 
the QTL can result from mutations in one of the ances-
tor’s genomes. This strategy requires the use of mark-

ers, which are in LD (Hayes et al., 2005), which usually 
refers to the markers that are located close to each oth-
er (e.g., in chickens, LD extends from 1 to 4 cM; Aerts 
et al., 2007). But, due to adding information on histori-
cal recombinations, LD may also be detected at a dis-
tance of several centimorgans, allowing QTL mapping 
even with use of low-resolution genetic maps. However, 
to reduce the risk of obtaining false-positive results, LD 
mapping is accompanied by linkage analysis mapping. 
The QTL analysis with LDLA model is considered op-
timal because it uses the strength and precision of LD 
mapping and it verifies the false-positive results in link-
age analysis mapping (Meuwissen et al., 2002).

Validated QTL Associated with LPS  
and LTA NA

The experiment described here focused on validation 
of the QTL associated with innate humoral immunity, 
defined as the titers of natural antibodies to LPS and 
LTA antigens and detected previously by whole-genome 
scan (Siwek et al., 2006). The QTL validated in this 
study are presented in Figure 1. The detailed informa-
tion is presented in Table 2, in which the validated 
loci have been indicated. Briefly, out of 14 previously 
known QTL regions located on 10 chromosomes that 
were subject to this validation study, 5 QTL regions 
located on 5 chromosomes altogether were confirmed. 
They included 3 QTL associated with LPS NA, located 
on GGA9, GGA18, and GGAZ, and 2 QTL associated 
with LTA NA, located on GGA5 and GGA14. Interest-
ingly, 2 QTL associated with LPS NA on GGA5 and 
GGAZ were also confirmed in an across-line SNP as-
sociation study by Biscarini et al. (2010), who recently 
reported an association study between single nucleotide 
mutations in immune-related chromosomal regions and 
different parameters of innate immunity. The QTL re-
sponsible for LPS and LTA NA titers that have been 
validated in this study contain a set of candidate genes 
involved in biochemical pathways of humoral innate im-
munity that has been described elsewhere (Sławińska et 
al., 2011).

QTL Associated with Health Traits  
in Chickens

Some of the QTL responsible for LPS and LTA NA 
titers mapped in our study overlapped with known 
QTL associated with health traits in chickens. The 
QTL linked to LPS and LTA NA on GGA5 (CI: 73–127 
cM for LPS QTL and 79–127 cM for LTA QTL) over-
lapped with the QTL responsible for antibody response 
to SRBC antigen at 68 cM (Siwek et al., 2003a), cloacal 
bacterial burden after challenge with Salmonella Enter-
itidis at 111 cM (Tilquin et al., 2005), cloacal bacterial 
burden after challenge with Salmonella Typhimurium 
at 107 cM (Tilquin et al., 2005), time to achieve maxi-
mum antibody response to SRBC between 98 and 110 
cM (Zhou et al., 2003), and Marek’s disease-related 

Figure 1. Validated QTL regions associated with lipopolysaccha-
ride (LPS) and lipoteichoic acid (LTA) natural antibodies (NA). The 
vertical line on the left side of the chromosome represents initial QTL 
(Siwek et al., 2006) and the vertical line on the right side of each chro-
mosome represents the QTL region validated in this study. The dotted 
line is LPS QTL and the solid line is LTA QTL.
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traits at127 cM (Heifetz et al., 2007). On GGA9, within 
the CI of the LPS NA QTL validated in our study (0–
41 cM), a QTL associated with Marek’s disease-related 
traits was mapped (36.3–42.4 cM; Yonash et al., 1999). 
Chromosomal location of the QTL associated with 
LPS NA on GGA14 (0–77 cM) overlapped with several 
QTL associated with LTA NA (Siwek et al., 2006) and 
KLH specific antibodies (Siwek et al., 2003b, 2010). On 
GGA18, a QTL associated with Marek’s disease-related 
traits (23 cM; Heifetz et al., 2007) was located in close 
proximity to the validated LPS NA QTL (24 cM). Fi-
nally, within the CI of the LPS and LTA NA QTL 
on GGAZ (20–105 cM) an overlap was observed with 
the QTL associated with antibody response to Brucella 
abortus (86.8–93 cM; Zhou et al., 2003) and Marek’s 
disease-related traits (0–51.6 cM; Heifetz et al., 2007). 
Most of the QTL associated with chicken health traits 
that overlapped the chromosomal location of the QTL 
reported here were responsible for the adaptive immune 
response. Evidently, a functional correlation between 
innate and adaptive immune response exists. However, 
because of the large CI of most of the QTL analyzed, 
the regions of interest contain many coding and regula-
tory sequences that affect the given phenotype. There-
fore, it is difficult to infer whether the genetic back-
ground of those traits is related.

Conclusions
In summary, the QTL study of humoral innate im-

mune response traits carried out in a reference popula-
tion consisting of GP and WL chicken lines resulted in 
validation of 5 QTL (located on GGA5, GGA9, GGA14, 
GGA18, and GGAZ) associated with NA titers bind-
ing LPS and LTA environmental antigens. For the vali-
dated LPS and LTA QTL the panel of candidate genes 
was previously proposed. The validated QTL are the 
best candidate regions for further association study of 
the SNP located within those candidate genes and the 
NA titers in chickens.
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