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  ABSTRACT   The present study estimated the herita-
bility of natural antibody (NAb) levels binding rabbit 
red blood cells at the day of immunization with SRBC 
(NAb0) and 5 d postimmunization (NAb5) in 2 chicken 
lines divergently selected for specific antibody levels 
(SpAb) against SRBC and a randombred control line. In 
addition, genetic correlations between the levels of NAb 
binding rabbit red blood cells and levels of SpAb bind-
ing SRBC were estimated. The heritability of the SpAb 
level against SRBC was estimated based on data from 
23 generations of selection and in total 21,842 chickens. 
The heritability of NAb levels against rabbit red blood 
cells was estimated on 1,764 chickens in generations 22 
and 23 using a bivariate analysis including the trait un-

der selection (i.e., SpAb responses to SRBC). Maternal 
environmental effects were accounted for in the analy-
ses. The heritability for SpAb was 0.17, the heritabil-
ity for NAb0 levels was 0.23, and the heritability for 
NAb5 was 0.09. The genetic correlation between SpAb 
and NAb0 was 0.15 and the genetic correlation between 
SpAb and NAb5 was 0.50. The weak, though positive, 
genetic correlation between SpAb responses and the 
NAb0 levels in nonimmunized chickens, as well as the 
moderate genetic correlation between SpAb responses 
and the NAb levels 5 d postimmunization with SRBC, 
suggest that selection for enhanced adaptive immune 
system results in a positive correlated response of the 
innate immunity of chickens. 
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  INTRODUCTION 
  Infectious diseases constitute a major problem in 

poultry production. Part of the problem is related to 
the high density in which animals are kept in current 
livestock production systems, resulting in a constant 
disease risk. Costs due to disease include production 
loss or death, vaccination, and medication. In addition, 
the increasing apprehension of consumers in regard 
to food safety, the increasing resistance of pathogens 
against medication and vaccination (Marek), and the 
upcoming limitations on the use of antibiotics consti-
tute a growing problem. Therefore, it is important to 
consider other methods than vaccination and medica-
tion that can aid in reducing the effect of infectious 
diseases. Genetic selection for increased immunity has 
been suggested as an important tool to reduce prob-
lems due to infectious diseases (Pinard et al., 1992). 

  In chickens, selection for the specific antibody (SpAb) 
response against SRBC has been a frequently used ex-
perimental method for investigating genetic aspects of 

the immune response. Sheep red blood cells were, be-
sides their nonpathogenic characteristic, initially chosen 
for their multiple antigenic sites, which may stimulate a 
wide range of immune cells. Because SRBC are natural 
products, similarities in certain structural patterns (for 
instance, similar proteins on the cell membrane) with 
other natural products, among others pathogenic or-
ganisms, were also expected (Kreukniet, 1995). 

  The SpAb response to SRBC is part of the adaptive 
(humoral) immune system. Natural antibodies (NAb) 
are antibodies that are present in the body without 
known antigenic stimulation of B cells (Casali and 
Schettino, 1996; Siwek et al., 2006) and are regarded 
as part of the innate immune system (Ochsenbein and 
Zinkernagel, 2000; Parmentier et al., 2004). Natural 
antibodies are thought to play an important role in 
the first line of defense in the immune system. Cot-
ter (1998) demonstrated that high NAb titers against 
rabbit red blood cells (RRBC) are present in poultry. 
In addition, chickens selected for high SpAb responses 
to SRBC have higher NAb titers against RRBC than 
chickens selected for low SpAb responses to SRBC 
(Cotter et al., 2005). Further, a genetic or functional 
link between SpAb responses and levels of NAb was 
indicated by Parmentier et al. (2004). 
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To our knowledge, genetic parameters for NAb lev-
els directed to RRBC have not been studied before 
in chickens or other species. The aim of the current 
study was to estimate the heritability for levels of NAb 
binding RRBC and to estimate the genetic correlation 
between humoral components of the innate (levels of 
NAb) and adaptive immune system (levels of SpAb) 
before and after immunization with SRBC.

MATERIALS AND METHODS

Birds and Phenotypes

Data used in this study originate from a selection 
experiment for SpAb (agglutinin) titers against SRBC. 
For a detailed description of the lines studied, we refer 
to Pinard et al. (1992) and Bovenhuis et al. (2002). The 
base population of the selection experiment originated 
from an ISA Warren cross of medium heavy layers. 
From the base population, 3 lines were created, a line 
selected for high SpAb titers against SRBC (H line), 
a randombred control line (C line), and a line selected 
for low SpAb titers against SRBC (L line). In the H 
and the L lines of each generation, approximately 25 
cocks and 50 hens were selected for breeding. In the 
C line, approximately 40 cocks and 70 hens were ran-
domly chosen as parents for the next generation. The 
cocks within each line were randomly assigned to the 
hens. The generations are nonoverlapping and (half)
sib-matings were avoided.

At 32 d of age, chicks were immunized i.m. with 1 
mL of 25% packed SRBC diluted in PBS. The SRBC 
were obtained from 5 to 7 unrelated Texel sheep. The 
SRBC were pooled before use. At the day of immuniza-
tion (d 0) and 5 d thereafter, 0.5 mL of blood from the 
wing vein was drawn. The agglutination titer (SpAb) 
to SRBC was determined from the blood samples taken 
5 d postimmunization as described earlier (Van Der 
Zijpp and Leenstra, 1980). From hatching until 5 wk 
of age, chicks were housed in cages (50 × 100 cm) in 
a density of 25 birds per cage with free access to feed 
and water.

Levels of NAb binding RRBC (NAb titers) were de-
termined using the agglutinin test as well. Briefly, whole 
rabbit blood (obtained from female Hsd1f New Zea-
land White rabbits) was purchased (Harlan, Horst, the 
Netherlands) and stored in Alsever’s solution. Erythro-
cytes were separated by centrifugation of the blood at 
900 × g for 10 min. Serum was removed by 3 washes 
with PBS. Rabbit erythrocytes were diluted with PBS 
into a 1% solution. The solution was stored at 4°C for 
no more than 2 wk.

Agglutination was performed in 96-well U-bottom 
plates. Fifty microliters of PBS was added to each well 
followed by 50 μL of plasma added to the first row, 
which in subsequent rows was diluted 2-fold. Finally, 
50 μL of the 1% RRBC solution was added to the wells 

and plates were shaken for approximately 15 s. Plates 
were incubated for approximately 1.5 h at room tem-
perature. Levels of NAb binding RRBC were deter-
mined in both (d 0 and 5) plasma samples.

For the present study, phenotypic observations for 
SpAb titers against SRBC were available of 21,842 
chickens from generation 0 to 23. Chickens belonged to 
the H-, C-, and L line of the selection experiment. Lev-
els of NAb binding RRBC at d 0 of immunization with 
SRBC (NAb0) and at d 5 after immunization with 
SRBC (NAb5) were measured in 1,764 birds of genera-
tions 22 and 23 from the H, C, and L line. Heritabilities 
for SpAb titers to SRBC up to generation 9 (Pinard et 
al., 1992) and up to generation 18 (Bovenhuis et al., 
2002) have been reported previously.

Statistical Analysis
The following model was used to analyze the data 

(Henderson, 1984):

y = Xb + Z1a + Z2m + e,

where y is the vector with observations; X is the design 
matrix for the fixed effects; b is the vector with solu-
tions for the fixed effects; Z1 is the design matrix for 
the random additive genetic effects; a is the vector with 
solutions for random additive genetic effects, with a 
~ , ,N A a0 2s( )  where A is the additive genetic relationship 

matrix and sa
2 is the additive genetic variance; Z2 is the 

design matrix for the maternal environmental effects; 
m is the vector with solutions for maternal environ-
mental effects, with m ~ , ,N I m0 2s( )  where I is the iden-

tity matrix and sm
2  is the maternal environmental vari-

ance; and e is the vector with random error terms with 
e ~ , ,N I e0 2s( )  where I is the identity matrix and se

2 is the 

environmental variance. The fixed effects in the model 
are generation and sex.

The variable SpAb titer was available in all genera-
tions and was the trait under selection. Heritability and 
maternal environmental effects for SpAb titers were esti-
mated using a univariate analysis. The NAb titers were 
available only for the last 2 generations. To account for 
possible effects of selection in previous generations, a 
bivariate model including SpAb titers was used to esti-
mate heritabilities for NAb0 and NAb5. These analyses 
also resulted in estimates of correlations between SpAb 
and NAb0 and between SpAb and NAb5. Heritabilities 
were calculated as
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The fraction of the variance explained by maternal 
environmental effects was calculated as:
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Analyses were performed using the ASReml software 
package (Gilmour et al., 2006).

RESULTS

Phenotypes

The mean SpAb (agglutinin) titer to SRBC at d 5 
after immunization of the base population is 4.7 (SD 
= 1.1). The H line showed a gradual increase in SpAb 
titer and reached a value of 19.7 (SD = 5.0) in genera-
tion 23. In the L line, SpAb titers to SRBC decreased 
until generation 12 to 0.6 (SD = 0.9), and after that, 
the mean SpAb titer fluctuated but showed no further 
decrease. The SpAb titer to SRBC of the C line showed 
a small increase and was on average 6.9 (SD = 2.2) in 
generation 23.

Figure 1 shows the mean levels of NAb in genera-
tions 22 and 23 for the H-, C-, and L line, respectively, 
at d 0 and 5 postimmunization. Mean levels of NAb in 
generations 22 and 23 at d 0 in the H line and C line 
were similar, being 7.7 (SD = 2.7) and 6.6 (SD = 2.4), 
respectively. The L line had a lower mean level of NAb: 
3.9 (SD = 2.7). At d 5 postimmunization, the mean 
levels of NAb in the H and C line clearly diverged, 
whereas the difference between the C and the L line 
remained fairly constant.

Genetic Parameters

Heritabilities. Estimates for heritabilities, pheno-
typic variances, and maternal environmental effects are 
presented in Table 1. Heritability for SpAb to SRBC 
was 0.17. Further, a substantial fraction (15%) of the 
phenotypic variation could be attributed to maternal 

environmental effects. The heritability estimate for 
NAb0 was 0.23. For NAb5, the heritability estimate 
was much lower and equal to 0.09. For NAb0 as well as 
for NAb5, a substantial fraction of the variation could 
be attributed to maternal environmental effects. In ad-
dition, heritabilities for NAb0 and NAb5 were estimat-
ed for the H, C, and L line separately. For this analysis, 
NAb0 and NAb5 were preadjusted for the generation 
effect because genetic trend and generation effects can-
not be separated in such an analysis (Bovenhuis et al., 
2002). The heritability for NAb0 was 0.28 (SE = 0.12) 
in the H line, 0.15 (SE = 0.11) in the C line, and 0.16 
(SE = 0.08) in the L line. When analyzing NAb5 sepa-
rately for the 3 lines, it was not possible to fit a ma-
ternal environmental effect and therefore analysis was 
performed without this factor in the model. Estimated 
heritabilities were 0.19 (SE = 0.07) in the H line, 0.13 
(SE = 0.07) in the C line, and 0.25 (SE = 0.08) in the 
L line.

Correlations. Correlations between SpAb titers to 
SRBC and levels of NAb0 and NAb5 binding RRBC 
are shown in Table 2. The genetic correlation between 
SpAb titers to SRBC and levels of NAb binding RRBC 
at d 0 (NAb0) was weak but positive (0.15). The genet-
ic correlation between SpAb titers to SRBC and levels 
of NAb binding RRBC at d 5 (NAb5) was also positive 
but with an estimate of 0.50 much stronger.

Genetic Trend for NAb. The mean genetic level for 
NAb binding RRBC at d 0 (NAb0), calculated as the 
mean estimated breeding value for birds in generation 
22 and 23, was 1.44 (SD = 0.66) in the H line, −0.15 
(SD = 0.54) in the C line, and −1.67 (SD = 0.60) in 
the L line, respectively. The mean genetic level for lev-
els of NAb binding RRBC at 5 d after immunization 
with SRBC (NAb5) was 3.93 (SD = 0.79) in the H line, 

Figure 1. The natural antibody (NAb) titers against rabbit red 
blood cells at 0 and 5 d postimmunization for generation 22 (solid line 
and filled symbols) and generation 23 (dotted line and open symbols) 
in the high (H = ♦), the control (C = ■), and the low (L = ▲) line.

Table 1. Heritabilities (h2), accompanying phenotypic variance 

sp
2( ), and maternal environmental effects (m2) for antibody titer 

(Ab) and natural antibody titer 0 (NAb0) and 5 (NAb5) d 
postimmunization 

Item sp
2 h2 m2

Ab 6.0 0.17 (0.01)1 0.15 (0.01)
NAb0 7.5 0.23 (0.06) 0.10 (0.03)
NAb5 9.4 0.09 (0.04) 0.11 (0.03)

1Standard errors are in parentheses.

Table 2. Genetic (ra), environmental (re), and phenotypic corre-
lations (rp) between the specific antibody titer (SpAb) and natu-
ral antibody titer 0 (NAb0) and 5 (NAb5) d postimmunization 

Item

SpAb

ra re rp

NAb0 0.15 (0.08)1 −0.02 (0.03) 0.01 (0.02)
NAb5 0.50 (0.14) 0.18 (0.03) 0.19 (0.02)

1Standard errors are in parentheses.
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−0.38 (SD = 0.45) in the C line, and −2.82 (SD = 0.49) 
in the L line.

DISCUSSION
The heritability estimated for levels of SpAb bind-

ing SRBC in the present study agrees with heritabili-
ties found in earlier studies. Martin et al. (1990) found 
a heritability of 0.23 in layers selected for low SpAb 
responses to SRBC and a heritability of 0.25 in birds 
selected for high SpAb responses to SRBC; Siegel and 
Gross (1980) estimated a heritability for SpAb response 
to SRBC of 0.44 for cocks and 0.17 for hens in a line se-
lected for high response and 0.19 for cocks and 0.26 for 
hens in a line selected for low response. Based on partly 
the same data as used in the present study, Pinard et 
al. (1992) reported a heritability estimate of 0.31 based 
on data from the first 9 generations and Bovenhuis et 
al. (2002) reported a heritability of 0.18 based on the 
first 18 generations.

In studies by Siegel and Gross (1980), Martin et al. 
(1990), Pinard et al. (1992), and Bovenhuis et al. (2002), 
maternal environmental effects were not accounted for. 
This may result in an overestimation of the heritability 
(Clément et al., 2001; Zamani and Mohammadi, 2008). 
The heritability for SpAb titer against SRBC using a 
model without a maternal environmental effect, which 
was 0.21, illustrates this point.

To our knowledge, heritabilities for levels of NAb in 
poultry binding RRBC have not been reported before. 
Heritabilities for NAb in layers binding lipoteichoic 
acid, lipopolysaccharide, and keyhole limpet hemocya-
nin at different ages and after various immunizations 
and vaccinations have been reported by Siwek et al. 
(2006) and ranged from 0.03 to 0.17. Heritabilities for 
levels of NAb binding RRBC as found in the present 
study (0.23 for NAb0 and 0.09 for NAb5) were in the 
same range.

Cotter et al. (2005) reported phenotypic levels of 
NAb binding RRBC (NAb0) in generations 8, 11, 14, 
17, and 19 of the selection lines used in the current 
study. Their findings are in line with the mean levels 
found in the present study. Cotter et al. (2005) hypoth-
esized that the heritability for levels of NAb0 binding 
to RRBC will be lower than the heritability for SpAb 
responses to SRBC. Our results do not support this 
hypothesis. In the current study, the estimated heri-
tability for SpAb titers was actually somewhat lower 
than the estimated heritability for levels of NAb bind-
ing RRBC at d 0. However, SE for the estimates were 
considerable. Heritabilities found for SpAb titers and 
NAb levels were low to moderate and in the same range 
as heritabilities reported for other immune traits (La-
mont et al., 2003).

Previous studies suggested close genetic (Parmen-
tier et al., 2004; Cotter et al., 2005) and functional 
(Lammers et al., 2004) relationships between SpAb re-
sponses and levels of NAb in poultry. It was observed 

that the current H line, which generally has the highest 
mean SpAb titer against SRBC and many other anti-
gens, also had a higher level of NAb to RRBC (cur-
rent study) and various other antigens (Parmentier et 
al., 2004) as compared with the C line and the L line. 
Cotter et al. (2005) estimated a phenotypic relation-
ship between levels of NAb binding RRBC in nonim-
munized birds (NAb0) and SpAb against SRBC at d 
5 after immunization of 0.43. However, this correla-
tion was determined across birds from the L, the C, 
and the H line. When the current data were pooled 
across lines, a similar phenotypic correlation of 0.41 
was found. However, this ignores difference in means 
between the selection lines. When accounting for ge-
netic differences between the lines, a phenotypic cor-
relation of 0.01, a genetic correlation of 0.15, and an 
environmental correlation of −0.02 was found. Levels 
of NAb binding RRBC at 5 d postimmunization with 
SRBC (NAb5) have to our knowledge not been studied 
before. A genetic correlation of 0.50 and an environ-
mental correlation of 0.18 between NAb5 and SpAb 
titers to SRBC were estimated, which indicates that 
levels of NAb and levels of SpAb are positively corre-
lated but not very strongly. It is unlikely that cross re-
activity between SRBC and RRBC caused the observed 
correlation between SpAb to SRBC and levels of NAb 
binding RRBC at d 0 (NAb0) and d 5 after immuni-
zation with SRBC (NAb5). First, d 0 SpAb titers to 
SRBC in the current L line are close to zero, which is 
not true for levels of NAb0 binding RRBC in the L line. 
Second, cross preabsorption experiments did not affect 
SpAb levels to SRBC nor levels of NAb binding RRBC 
at d 0 nor d 5. Immunization of chicks with RRBC 
did not reveal antibody (Ab) responses to SRBC (data 
not published). The NAb of poultry against RRBC 
(as in man) likely bind to α-Gal-conjugated carbohy-
drates (Galα1-3Galβ1-4GlcNAc residues). It is improb-
able that NAb and SpAb directed to SRBC cross-react 
by both binding the α-Gal group due to the fact that 
SRBC express less than 8,000 copies of α-Gal epitopes 
on their surfaces, whereas RRBC carry approximately 
2 million α-Gal copies on their cell surface (Ogawa and 
Galili, 2006).

In primates, NAb binding α-Gal carbohydrates, also 
called anti-Gal, constitute about 1 to 8% of the circu-
lating immunoglobulins, which makes them the most 
abundant NAb (Macher and Galili, 2008). Anti-Gal-
binding Ab are probably involved in enhanced im-
munoclearance of infection. Conjugation of proteins 
with α-Gal enhanced specific immunity to the protein 
(Abdel-Motal et al., 2006). Anti-α-Gal Ab may play 
an important role in protection toward α-Gal-residue-
expressing pathogens (McKenzie et al., 1999; Abdel-
Motal et al., 2007; Kim et al., 2007), but also in pro-
tection against less abundant α-Gal-residue-expressing 
pathogens such as Streptococcus pneumoniae (Briles et 
al., 1981; Martin et al., 2001), Salmonella Typhimurium 
(Reid et al., 1997), and others (Casali and Schettino, 
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1996), as well as responses to model antigens (Haury 
et al., 1997). The importance of these NAb in chick-
ens remains to be established (Cotter et al., 2005), but 
NAb reactivity patterns and repertoire are noteworthy 
stable, within as well as between species (Baumgarth et 
al., 2005). The α-Gal conjugation of proteins reduced 
antiprotein responses in poultry, which suggested an 
innate barrier function of these NAb (Parmentier et 
al., 2008). The increase in NAb binding RRBC within 
5 d postimmunization with SRBC without the actual 
presence of α-Gal epitopes, as presented in the current 
study, suggests great importance of the α-Gal binding 
NAb in poultry. As yet, little is known of the mecha-
nisms of NAb responses in poultry.

A potentially interesting characteristic is the change 
in NAb between d 0 and 5. This characteristic has not 
been analyzed in the present study because it is un-
known what is the biological interpretation of such a 
change in NAb. The observed increase in NAb titer 
from d 0 until 5 suggests a response; however, it is not 
clear if it actually is a response given that no previ-
ous exposure to or immunization with RRBC has taken 
place. Therefore, the observed reaction does not neces-
sarily reflect a response to an antigen. For example, 
NAb5 may reflect an enhanced immune responsiveness 
or a polymorphism of the Ab repertoire.

Genetic improvement of natural immunity mecha-
nisms, by improving the innate ability of birds to re-
spond to antigenic challenges, can aid in the genera-
tion of more resistant poultry populations against a 
wide variety of pathogenic organisms, under diverse 
environmental conditions (Lamont et al., 2003). The 
weak, though positive, genetic correlation between 
SpAb responses and levels of NAb in nonimmunized 
birds (NAb0), and the moderate genetic correlation be-
tween SpAb titers and levels of NAb 5 d later suggest 
that it might be possible to improve levels of innate 
immunity of chickens by selection for improved adap-
tive immune responses in the form of SpAb responses 
to SRBC. Because α-Gal carbohydrates are present on 
the surface of various pathogenic organisms (Starzl and 
Zinkernagel, 1998), indirect selection for NAb levels, or, 
alternatively, direct selection of birds for NAb levels, 
could provide an improved protection against a wide 
range of pathogens.
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