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Abstract

Fine mapping of quantitative trait loci (QTL) asso-
ciated with resistance to the gastrointestinal para-
site Heligmosomoides polygyrus was achieved on
F6/F7 offspring (1076 mice) from resistant (SWR) and
susceptible (CBA) mouse strains by selective geno-
typing (top and bottom 20% selected on total worm
count in week 6). Fecal egg counts were recorded at
weeks 2, 4, and 6, and the average was also ana-
lyzed. Blood packed cell volume in weeks 3 and 6
and five immunological traits (mucosal mast cell
protease 1, granuloma score, IgG1 against adult
worm, IgG1, and IgE to L4 antigen) were also re-
corded. On Chromosome 1 single-trait analyses
identified a QTL with effects on eight traits located
at about 24 cM on the F2 mouse genome database
(MGD) linkage map, with a 95% confidence interval
(CI) of 20-32 cM established from a multitrait
analysis. On Chromosome 17 a QTL with effects on
nine traits was located at about 18 cM on the MGD
map (CI 17.9-18.4 cM). Strong candidate genes for
the QTL position on Chromosome 1 include genes
known to be involved in regulating immune re-
sponses and on Chromosome 17 genes within the
MHC, notably the Class II molecules and tumor
necrosis factor.

Introduction

Genetic resistance to gastrointestinal nematode par-
asites has been clearly demonstrated in both livestock
(Gasbarre and Miller 2000; Gray et al. 1995) and mice
(Wakelin 2000). Exploitation of this variation in
breeding programs may be assisted by the mapping of
the quantitative trait loci (QTL) that control resis-
tance to the parasites in question. Recently, we have
exploited the contrasting features of resistance to
gastrointestinal (GI) nematode infection in SWR and
CBA mouse strains, which are respectively resistant
and susceptible to infection with Heligmosomoides
polygyrus, a strongyloid nematode parasite of mice
(Behnke et al. 2000). A genome-wide scan of an F2

cross between SWR and CBA detected 14 QTL on 12
different chromosomes affecting parasitological traits
(Iraqi et al. 2003) and the immunological traits (Menge
et al. 2003) associated with H. polygyrus infection.
The QTL were mapped mostly within a relatively
large genomic interval of 20-30 cM. Among the dif-
ferent strategies that have been proposed for high-
resolution mapping of QTL (Darvasi 1998; McPeek
2000), we have used the advanced intercross line (AIL)
approach described by Darvasi and Soller (1995). This
approach was successful in the high-resolution map-
ping of QTL associated with susceptibility to trypan-
osomosis (Iraqi et al. 2000), pulmonary adenoma
(Wang et al. 2003a), HDL cholesterol (Wang et al.
2003b), and malaria (Hernandez-Valladares et al.
2004). This article reports the fine mapping of QTL on
Chromosomes 1 and 17 for both parasitological and
immunological traits measured in F6 and F7 cross
mice. The QTL with the largest effects were identified
on these two chromosomes in the F2 mice (Iraqi et al.
2003; Menge et al. 2003).
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Materials and methods

Generation of the advanced intercross line. SWR
and CBA mice were purchased from Harlan UK Ltd.
Reciprocal crossing of SWR and CBA produced F1

mice. Thirty pairs of F1 mice produced 50 breeding
pairs of F2 mice. In subsequent generations of inter
se mating, a minimum of 50 randomized nonrelated
pairs produced the next generation. Five hundred F6

mice were produced from 100 mating pairs of F5

mice. Similarly, 600 F7 mice were produced from 100
mating pairs of F6 mice.

Assay of resistance. The strain of H. polygyrus
used for this work corresponds to H. p. bakeri as
described by Behnke et al. (1991). The parasite was
maintained originally in Nottingham in CFLP mice
(Jenkins and Behnke 1977) for more than 20 years
and was imported to ILRI in 2000, where it was
maintained subsequently in CBA mice by passage
about every 2-3 months.

The trickle infection protocol used for infecting
experimental mice is described fully and evaluated
in Behnke et al. (2003). The experimental design
comprised ten batches of 50 F6 mice and 12 batches
of 50 F7 mice that were infected orally with 125
infective larvae of H. polygyrus suspended in 0.2 ml
of water once every 7 days for 6 weeks (i.e., seven
infections), starting at ten weeks of age. Ten SWR
and ten CBA mice (five of each sex) were included in
each batch as controls and were treated the same as
the F6 and F7 mice.

Fecal egg counts (FEC) from individual mice
were carried out on freshly collected feces from
mice that were temporarily isolated on the morning
of fecal collection and were recorded as eggs per
gram of feces at 2, 4, and 6 weeks (FEC2, FEC4, and
FEC6) after first infection. Approximately 60 ll of
blood were collected from the tail vein of each
mouse using a 75-ll heparinized capillary tube
3 and 6 weeks after first infection, and packed cell
volume (PCV3 and PCV6) was recorded using mi-
crohematocrit. Blood samples were also collected
on Day 0 of infection from the last four batches of
F7 mice. Mice were euthanized 44 days after first
infection and total worm count (TWC) recorded as
the sum of adult and larval worms. Worms were
extracted using the Baerman procedure in which
the entire small intestine was removed, split lon-
gitudinally and incubated, and suspended in a gauze
in a 50-ml beaker containing Hanks saline at 37�C
for a minimum of 4 h. The worms migrate through
the gauze and accumulate at the bottom of the
beaker, from where they can be transferred to a
Petri dish for counting under a dissecting micro-
scope. The order of infecting and of recording of

mice was randomized. Two additional CBA mice
were infected in each batch; these two mice were
euthanized and total worm count recorded 14 days
after first infection to confirm the viability of the
infective larvae. Tails were collected at necropsy
and preserved at )20�C for subsequent DNA
extraction. The three FEC measurements and TWC
were transformed by taking logarithms to achieve
approximately normal distributions of residuals
(LFEC2, LFEC4, LFEC6, LTWC).

Cellular responses. Levels of mucosal mast cell
protease 1 (mMCP1), reflecting the activation of
mucosal mast cells, were measured in plasma sam-
ples collected from tail tips by heparinized capillary
tubes at week 3, by antigen capture ELISA with re-
agents supplied by R&D Systems and Moredun Sci-
entific Limited, respectively (Behnke et al. 2003). In
responder strains of mice the levels of mMCP1 peak
at this time and show maximum divergence from
the considerably lower response of poor responder
strains (Behnke et al. 2003). Data were logarithm
transformed before analysis to normalize the vari-
ance of this trait (LmMCP1). Granuloma formation
on the intestinal mucosa was assessed as a granu-
loma score (GS) on a scale of 0-4 (low to high) at post-
mortem.

Antibody responses. Sera were collected at the
end of week 6 of infection and were stored at )40�C
until used. Levels of immunoglobin G1 (IgG1)
against adult worms and those of both IgG1 and
immunoglobin E (IgE) to L4 antigen were measured
by ELISA. Mouse immunoglobulin isotype-specific,
alkaline phosphatase-conjugated antisera were pur-
chased from Serotec and the methods used for ELISA
and for preparation of antigen have been described
previously (Wahid and Behnke 1993; Wahid et al.
1994). Titers in all cases are expressed as the relative
response index (RRI) calculated for each individual
sample in relation to values obtained on each ELISA
plate from sera from naı̈ve and hyperimmune mice.
The same pools of reference sera were used
throughout this work.

Phenotypic analyses and genotyping strat-
egy. Initially each trait was analyzed by least-
squares fitting a statistical model that included fixed
effects for line (CBA, SWR, and F6/F7), batches (22),
sex (male and female), and statistically significant
(p < 0.05) first-order interactions.

The F6/F7 data that were used for QTL analyses
were analyzed separately, fitting the effects of
batch, sex, and the interaction between batch and
sex. Each trait was then corrected for the significant

J.M. BEHNKE ET AL.: QTL FOR RESISTANCE TO GI NEMATODES 585



fixed effects and interactions estimated from the
least-squares analysis, and then standardized by
dividing by the residual standard deviation (values
used in Table 1) so that all traits were compared on
the same scale. Average fecal egg count (AVFEC),
the average of the three standardized LFEC at
weeks 2, 4, and 6, was also analyzed. Residual
correlations among all the traits were also esti-
mated.

A selective genotyping strategy was used (Darv-
asi and Soller 1992; Ronin et al. 1998). The top and
bottom 20% of the F6 and F7 mice were selected on
standardized LTWC adjusted for the fixed effects
(Fig. 1). Selection of mice for genetic analysis was
carried out when phenotyping of the F6 mice was
complete (batches 1-10) and then when the F7 mice
had been phenotyped (batches 11-22). Thus, the final
selection was a close approximation to the overall
top and bottom 20% of progeny for adjusted LTWC.
Selection of the resistant mice with the lowest
standardized residuals was much easier to perform in
this population where 19% of the F6/F7 mice had zero
egg counts compared with the F2 population in
which 82% of the mice had shown zero egg counts
(Iraqi et al. 2003).

DNA was obtained from mouse tail samples
using a phenol chloroform extraction (Sambrook et
al. 1989) and assayed for microsatellite genotypes

using standard procedures on an ABI 377 slab gel
automatic sequencer or on an ABI 3730 capillary
sequencer (Applied Biosystems). Markers were ini-
tially chosen at 5-10-cM intervals, spanning the
confidence intervals of the QTL regions on Chro-
mosomes 1 and 17 detected by Iraqi et al. (2003) and
Menge et al. (2003). Additional markers were added
as required to close gaps where QTL were confirmed
in the F6/F7 population.

Genotype verification, linkage, and mapping
analyses. Linkage maps were constructed from
marker data using MapMaker Express software
(Lander 1987; Lincoln et al. 1994), using a Haldane
map function. The resulting maps were compared
with the mouse genome assembly, build 33 (http://
www.ensembl.org/Mus_musculus/) and to the
Mouse Genome Database (MGD) F2 map (http://
www.informaticsjax.org/). The mouse genome
assembly was assumed to provide the correct marker
order. After allowing for the approximately 3-3.5-fold
map expansion expected in a mixture of F6 and F7

animals compared with the F2 map, two markers
that caused an unexpectedly large map expansion
were eliminated from the data set because such map
expansion generally indicates a substantial fre-
quency of genotyping errors. The remaining markers
were then included in QTL mapping analyses. This

Table 1. Numbers of mice and least squares means (standard error) for the CBA and SWR inbred lines (parental controls)
and the F6/F7 crossbred mice

Traita CBA F6/F7 SWR RSD

Number of mice 208�215 1043�1095 209�214
LFEC2 4.55 (0.03) 4.20 (0.01) 3.83 (0.03) 0.36

[35,456] [15,823] [6,736]
LFEC4 4.66 (0.06) 3.38 (0.03) 2.37 (0.06) 0.94

[45,684] [3,981] [209]
LFEC6 4.55 (0.06) 2.40 (0.03) 1.67 (0.06) 1.00

[35,456] [226] [22]
LAVFEC 4.65 (0.02) 3.92 (0.01) 3.44 (0.02) 0.35

[43,652] [8293] [2729]
LTWC 2.65 (0.03) 1.80 (0.01) 1.50 (0.03) 0.41

[422] [38] [7]
PCV3 48.9 (0.2) 50.9 (0.1) 50 (0.2) 3.16
PCV6 47.6 (0.2) 53.2 (0.1) 53.8 (0.2) 2.64
GS 0.24 (0.05) 1.84 (0.02) 2.35 (0.05) 0.79
LmMCP1 1.50 (0.01) 1.63 (0.004) 1.68 (0.01) 0.13

[6.62] [17.66] [22.86]
IgG1-L4 68.5 (1.0) 92.7 (0.4) 77.8 (1.0) 13.3
IgG1-Ad 75.3 (1.3) 76.5 (0.6) 57.6 (1.3) 17.6
IgE-L4 50.8 (1.9) 99.4 (0.8) 83.1 (1.8) 28.9

For traits analyzed on the logarithmic scale, the mean on the natural scale [in brackets] was obtained by back transformation. The residual
standard deviation (RSD) is that derived from analysis of the F6 and F7 mice.
aLFEC = logarithm transformed fecal egg count measured at weeks 2, 4, and 6 of the infection period and the average of these three
measurement (AVFEC); LTWC = logarithm transformed total worm count; PCV = blood packed cell volume measured at weeks 3 and 6 of
the infection period; GS= granuloma score on the intestinal mucosa; LmMCP1 = logarithm transformed mucosal mast cell protease 1;
IgG1 = immunoglobin G1 measured on L4 larvae and adult (Ad) worms; IgE-L4 = immunoglobin E measured on L4 larvae.
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article reports the QTL mapping results for Chro-
mosomes 1 and 17 which were the two chromo-
somes in the F2 mice where QTL with the largest
effect were detected.

Single-trait maximum likelihood (ML) QTL
mapping was performed using MapMaker Express/
QTL. Single-trait least-squares (LS) interval map-
ping was performed using QTL Express (Haley and
Knott 1992). Map distances were based on the
linkage map distances resulting from the F6 and F7

data, which for ease of interpretation and compar-
ison with the F2 results are shown interpolated
back to the murine F2 MGD linkage map positions
and distances. Two-QTL models were also fitted to
each chromosome separately in the LS analyses.
When the two-QTL models provided a significantly
better fit than a one-QTL model, the largest QTL
was fixed as a cofactor and the two-QTL model
was run again to test significance of a third QTL
on each chromosome separately. Chromosome-
wide permutation tests were performed in the one-
QTL model to determine significance thresholds,
and these significance thresholds were applied to
the two- and three-QTL significance tests. Boot-
strapping was applied in the one-QTL model to
obtain 95% confidence intervals (CI) for QTL
location. The MapMaker QTL analyses were used
for model and QTL validation, and the ML additive
and dominance effects were tabulated and com-
pared to the LS estimates from QTL Express. The
selective genotyping strategy is expected to create a
substantial upward bias in LS estimates of QTL
effects compared with the ML estimates in which
all the mice that were phenotyped are included in
the analysis (Ronin et al. 1998).

Additional ML multiple-trait interval mapping
analyses were performed using MultiQTL software

(Korol et al. 1995, 2001). Multiple-trait analyses were
performed for all 11 traits recorded (as shown in
Table 1, but excluding AVFEC) and then for different
subsets of the traits based on possible groupings
identified in the single-trait analyses. Significance
thresholds were obtained for LOD score estimates
using chromosome-wide permutation testing
involving 1000 random permutations of the pheno-
type data, and CIs were obtained by bootstrapping
(Korol et al. 2001).

Results

Phenotypic analyses. Table 1 shows that relative to
the susceptible CBA mice the resistant SWR mice
had lower FEC at all measurement times, lower
TWC and IgG1-Ad, but higher PCV, GS, mMCP1, Ig-
G1-L4, and IgE-L4, with all these differences being
highly significant (p < 0.001). For many traits (i.e.,
FEC2, FEC4, FEC6, TWC, PCV6, GS, LmMCP1) the
F6/F7 mice had mean values significantly different
from the midparent average in the direction of the
resistant SWR mice, indicating heterosis for resis-
tance. For PCV3, IgG1-L4, and IgE-l4 the F6/F7 mean
values were significantly (p < 0.001) higher than the
mean for the SWR mice, indicating particularly high
degrees of heterosis in the direction of the resistant
parent. In the case of IgG1-Ad, the F6/F7 mean value
was not significantly different (p > 0.05) from the
susceptible CBA mice, indicating negative heterosis
for susceptibility. PCV was also recorded at Day 0 in
the last four batches of mice and there was no sig-
nificant difference (p > 0.05) among the three strains
(i.e., CBA, SWR, and F6/F7).

Within the F6 and F7 mice there were positive
correlations among the LFEC measurements and
with LTWC ranging from 0.24 to 0.74 (Table 2).
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Fig. 1. Distribution of adjusted
logarithm transformed worm counts
presented as residual effects in
standard deviation units.
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PCV6 was negatively correlated with the FEC mea-
surements and LTWC (ranging from )0.09 to )0.33),
while the comparable correlations for PCV3 were
slightly negative but not significantly different (p >
0.05) from zero (Table 2). The correlation of LTWC
with the immunological traits was negative for GS,
LmMCP1, and IgE-L4 but positive for IgG1-Ad and
IgG1-L4 (Table 3). The three immunoglobin assays
were positively correlated, while GS was positively
correlated with IgG1-L4, negatively correlated with
IgG1-Ad, and uncorrelated with LmMCP1 and IgE-
L4 (Table 3). The correlation of LmMCP1 with the
three immunoglobin assays was close to zero and
ranged from 0.05 to )0.06 (Table 3).

Quantitative trait loci. The map expansion of
our F6/F7 map compared with the MGD F2 map was
3.8 for Chromosome 1 and 3.9 for Chromosome 17.
This compares with an approximate 3-3.5-fold
expansion expected in an F6/F7 population.

Summaries of test statistics and map locations
for all significant QTL detected on Chromosomes 1
and 17 using QTL Express are presented in Table 4.
Where a two-QTL model gave a significantly better
fit to the data, the locations of the two QTL are also
shown in Table 4. The estimate of the 95% CI of the
QTL in Table 4 apply to the one-QTL model.

On Chromosome 1 the single-trait QTL analyses
identified a QTL with substantial effects on FEC4,
FEC6, AVFEC, and TWC, and QTL with smaller but
still significant effects on FEC2, PCV6, IgG1-L4, and

IgG1-Ad (Fig. 2). The very similar location of the
QTL for most of the traits and the results of the
multiple-trait analyses in Table 5 suggest that this is
a single QTL located at about 24 cM on the F2 MGD
map and with a 95% CI ranging from about 20 to 32
cM (Table 5). The smallest CI was 9.5 cM for TWC
and ranged from 26.3 to 35.8 cM for the other traits.

The single-trait QTL analyses for Chromosome
17 identified a QTL with significant and substantial
effects on FEC4, FEC6, AVFEC, TWC, GS, IgG1-Ad,
and IgE-L4 and a much smaller effect on mMCP1
and IgG1-L4 (Fig. 3). The similarity of the locations
of the QTL for the different traits suggests the
presence of a single QTL with pleiotropic effects.
Based on the multiple-trait analysis of all traits
(Table 5), the estimated location of this QTL is at
about 18 cM with a CI of 0.5 cM (17.9-18.4 cM). The
CIs were larger for the QTL identified for the indi-
vidual traits and were 0.7 cM for IgE-L4, 4.5 cM for
GS, and 6.7 cM for TWC (Table 4). A two-QTL
model gave a significantly better fit to the data than
a one-QTL model for FEC4 (p < 0.05). The first QTL
mapped to approximately the same location as in the
one-QTL model, while the second QTL mapped
distal to the first QTL at about 35 cM.

Both the LS and ML additive and dominance ef-
fects for the QTL for the individual traits are shown
in Table 6. The additive effect is estimated for the
allele from the resistant SWR line and a negative
value indicates that the SWR allele lowers the mean
value of the trait while a positive value indicates that

Table 2. Residual correlationsa among logarithm transformed fecal egg counts (LFEC), logarithm transformed total worm
count (LTWC), and blood packed cell volume (PCV) for the F6 and F7 mice

LFEC4 LFEC6 LTWC PCV3 PCV6

LFEC2 0.25*** 0.24*** 0.26*** )0.01 )0.09**
LFEC4 0.50*** 0.60*** )0.02 )0.25***
LFEC6 0.74*** )0.06 )0.25***
LTWC )0.05 )0.33***
PCV3 0.16***
aProbability (p) that the residual correlation estimates are significantly different from zero indicated by **p < 0.01 and ***p < 0.001.

Table 3. Residual correlationsa among logarithm transformed total worm count (LTWC) and the immunological traitsb for
the F6 and F7 mice

Trait GS LmMCP1 IgG1-L4 IgG1-Ad IgE-L4

LTWC )0.15*** )0.29*** 0.11*** 0.20*** )0.09**
GS )0.02 0.15*** )0.16*** )0.01
LmMCP1 )0.06* )0.06* 0.05
IgG1-L4 0.44*** 0.25***
IgG1-Ad 0.25***
aProbability (p) that the residual correlation estimates are significantly different from zero indicated by *p < 0.05,**p < 0.01, and
***p < 0.001.
bTraits defined in Table 1.
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the SWR allele increases the trait. All the additive
effects for the individual FEC measurements, AV-
FEC, TWC, and IgG1-Ad, on both Chromosomes 1
and 17 were negative, indicating that the SWR allelle
lowered mean FEC, TWC, and IgG1-Ad (Figs. 4 and
5). The additive effects were positive for PCV6 on
Chromosome 1 and positive for GS, mMCP1, and
IgG1-L4 on Chromosome 17. All these additive ef-
fects are consistent with the phenotypic differences
between the resistant SWR and susceptible CBA
parent strains (Table 1). The negative additive effects
for IgG1-L4 on Chromosome 1 and for IgE-L4 on
Chromosome 17 are in opposite directions to the
differences in parent strain phenotype. In the case of
IgG1-L4 and IgE-L4 on Chromosome 17, the additive
effects are small or moderate and the QTL exhibits
positive overdominance (i.e., the dominance effect is
larger than the positive additive effect), consistent
with the high degree of heterosis observed for the
parental strains. Most traits, except FEC2 and FEC4,
exhibit substantial heterosis, but the dominance
estimates for the QTL are not highly consistent with
the heterosis exhibited by the F6/F7 crossbred mice.

The effect of the selective genotyping that causes
an upward bias in QTL effects estimated by LS is
most marked for TWC, which was the trait on which
mice were selected for genotyping. The additive ef-
fect for TWC on Chromosome 1 was biased upward
by 85% and that for TWC on Chromosome 17 by

92%. This was also true for traits closely correlated
with TWC such as FEC6 and FEC4 (Table 2), but the
upward bias was not as large and ranged from 11% to
42%. However, for the immunological traits that
were not closely correlated with TWC (Table 4),
most of the LS and ML QTL effects were quite
similar, consistent with an effectively random sam-
ple of mice having been genotyped for these traits.

Discussion

The significant difference between the SWR and
CBA parental lines for all the parasitological and
immunological traits measured confirm previous
studies (Behnke et al. 2003; Iraqi et al. 2003; Menge
et al. 2003). The heterosis for resistance manifested
by the F6/F7 mice also confirms the earlier F2 results
(Iraqi et al. 2003; Menge et al. 2003). Protocols for
measurement of FEC were modified following the
earlier F2 experiments (i.e., fresh fecal samples were
processed within one or two days of collection rather
than being stored in formalin for measurement at a
later date) to improve the accuracy of the resistance
assay. The correlations among the three FEC mea-
surements and with TWC achieved here (Table 2)
were two to five times higher than those obtained in
the earlier F2 QTL mapping experiment (Iraqi et al.
2003), indicating that the new protocols resulted in
much higher accuracy of assay.

Table 4. Location,a confidence interval, and LOD score of significant quantitative trait loci detected on Chrs 1 and 17 using
QTL Express

Chr. Traitb Location (cM)c
95% confidence
interval (cM)c LOD scored

1 FEC2 19.8 17.6�34.5 4.5**
1 FEC4 34.7 24.3�36.4 11.1**
1 FEC6 31.2 23.5�35.8 9.7**
1 AVFEC 27.3 23.2�35.2 12.1**
1 TWC 27.4 26.3�35.8 12.9**
1 PCV6 27.4 10.4�40.1 3.5**
1 IgG1-L4 23.0 9.0�35.9 2.9*
1 IgG1-Ad 27.8 20.2�43.3 3.6**
17 FEC4 16.9(17.0, 34.8) 16.4�23.6 15.3**
17 FEC6 20.3 16.4�23.3 10.3**
17 AVFEC 19.7 16.4�23.2 12.7**
17 TWC 22.8 16.4�23.1 13.3**
17 GS 19.7 18.3�22.8 25.4**
17 mMCP1 16.9 8.5�41.8 3.5**
17 IgG1-L4 18.9 15.1�22.0 5.2**
17 IgG1-Ad 18.5 18.3�22.5 16.5**
17 IgE-L4 18.3 18.4�19.1 12.0**

*p < 0.05; **p < 0.01.
aWhere two QTL were identified, their locations are shown in parentheses beside the location identified from the single QTL analysis.
bTraits defined in Table 1.
cInterpolated back from the expanded F6/F7 map positions to the F2 mouse genome database (MGD) map positions. cM = centimorgans.
dLOD scores obtained by standard conversion from least-squares F-test.
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In general, the QTL detected on Chromosomes 1
and 17 in the F6/F7 mice confirm the QTL detected in
the original F2 QTL mapping population (Iraqi et al.
2003; Menge et al. 2003). In the F2 population signifi-
cant QTL were detected on Chromosome 1 for FEC4,
AVFEC, TWC, and mMCP1 located at 18, 21, 21, and

85 cM, respectively. In the F6/F7 population a single
QTL with pleiotropic effects on eight traits (Table 4)
was detected and located at about 24 cM on the F2

MGD map, which falls within the CI of 27 cM
(range = 18-45 cM) for TWC in the F2 mice. The CI for
TWC in the F6/F7 mice was reduced by about one third

Fig. 2. F ratios of association of
microsatellite markers with
parasitological (A) and
immunological (B) traits on
Chromosome 1 (MMU1). All
markers are simple sequence
repeats that have been ordered into
a high-resolution linkage map. The
F ratios were derived from
maximum likelihood analyses of
single traits in QTL Express.
Abbreviations for traits correspond
to those used in the text. We also
include a physical map of the region
below the horizontal axis based on
the Ensembl database, with distance
marked in units of 106 nucleotide
base pairs from the proximal end of
the chromosome, and provide
locations of some of the candidate
genes.
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to 9.5 cM (range = 26.3-35.8 cM). However, the QTL
for mMCP1 located at 85 cM (range = 73-106 cM) in
the F2 mice was not confirmed in the F6/F7 mice.

In the F2 mice there appeared to be two QTL on
Chromosome 17, one toward the proximal end
affecting TWC and four immunological traits
(GS, mMCP1, IgG1-Ad, and IgE-L4) and the other
toward the distal end affecting FEC2 and AVFEC.
The QTL toward the distal end of chromosome 17
was not confirmed in the F6/F7 mice but that to-
wards the proximal end was confirmed with the
most likely interpretation being a single QTL lo-
cated at about 18 cM with pleiotropic effects on nine
traits which include FEC and TWC (Tables 4 and 5).
The CI from the multiple-trait analysis of the five
immunologic traits was reduced to 0.4 cM
(range = 17.9-18.3 cM) with a LOD score of 62.7,
which is very strong evidence for a QTL in this re-
gion of the chromosome. However, there was a larger
CI of 6.7 cM (range = 16.4-23.1 cM) for TWC (Ta-
ble 4). The largest reduction in the CI for the traits
with significant QTL on Chromosome 17 was for
IgE-L4, which was 0.7 cM in the F6/F7 mice (Table 4)
compared with 30 cM in the F2 mice (Menge et al.
2003).

The QTL located on Chromosome 17 is at al-
most the identical position as that detected in a
similar experiment that mapped QTL for resistance
to trypanosome infection, where the CI of the largest
QTL was reduced to 0.9 cM (range = 17.4-18.3 cM) in
an F6 AIL (Iraqi et al. 2000) compared with approxi-
mately 10 cM for the same QTL in the F2 population
(Kemp et al. 1997). This very small CI in part was
due to the fact that both the C57BL6/J*A/J and the
C57BL6/J*BALB/c F6 populations exhibited ex-
tremely large map expansion involving a large
number of markers in the region that contained the
QTL. This provided an unexpected substantial in-
crease in mapping accuracy in exactly the region
where the major QTL lay.

The estimates of QTL effect in this article are
not subject to ascertainment bias because the QTL
were originally detected in a previous experiment
and the current experiment was designed to refine
QTL location and obtain unbiased estimates of
their effect. The ML estimation procedures should
also have corrected for possible bias in estimates of
QTL effects introduced by the selective genotyping
procedures. The combined additive effects of the
QTL on Chromosomes 1 and 17 (Table 6, Fig. 4) on
FEC, TWC, and PCV explain between 21% (for
PCV6) and 86% (for FEC4) of the observed parental
strain difference in phenotype (Table 1). For the
immunological traits, the range was from )41% for
IgE-L4 to 163% for IgG1-Ad. Apart from errors of
estimation, it is possible to explain more than 100%
of the strain difference because the parental strains
may well carry QTL with effects that are opposite
to the strain difference, which are not assayed in
this experiment. The estimates of QTL effect can
be used to obtain estimates of their contribution to
genetic variance (Vg) in the AIL, assuming that the
allele frequencies of the CBA and SWR alleles are
each 0.5, as

Vg ¼ 0:5ða2
1 þ a2

17Þ þ 0:25ðd2
1 þ d2

17Þ

where a1 and a17 and d1 and d17 are the estimated
additive and dominance effects of Chromosomes
1 and 17. This estimate of variance is biased upward
because the estimates of a and d include the errors of
estimation, but it remains instructive for compari-
son to the estimate of contribution of QTL to the
strain differences. The estimates of Vg range from 3%
(for PCV6) to 31% (for FEC4) of the AIL residual
variance given in Table 1. For the two key disease
traits, FEC6 and TWC, the additive effects explained
56% and 54% of the difference in phenotype of the
parental strains and the estimates of Vg were 16%
and 15% of the F6/F7 residual variance. The herita-

Table 5. Location, confidence interval (CI), and LOD scores of quantitative trait loci on Chrs 1 and 17 from multiple trait
interval mapping analyses performed using MultiQTL software

Chr Traits included in the analysisa Location (cM)b 95% CI (cM)b LOD score

1 All 11 traitsc 24.3 20.2�31.6 18.1**
1 FEC2 ,4, 6 27.5 20.7�33.4 13.1**
1 FEC2, 4, 6, TWC 27.4 20.5�32.3 13.9**
1 IgG1-L4, IgG1-Ad 23.7 13.5�35.2 4.6**
17 All 11 traitsc 18.1 17.9�18.4 73.9**
17 FEC2, 4, 6 18.3 10.0�23.9 16.2**
17 FEC4, 6, TWC 16.4 10.3�23.5 16.6**
17 GS, mMCP1 IgG1-L4, IgG1-Ad, IgE-L4 18.1 17.9�18.3 62.7**

*p < 0.05; **p < 0.01.
aTraits defined in Table 1.
bInterpolated back from the expanded F6/F7 map positions to the F2 mouse genome database (MGD) map positions.
cAll traits listed in Table 1 but excluding AVFEC.
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bility of these traits in an AIL is unknown, but in
sheep the heritabilities for FEC have been estimated
to range from 0.23 to 0.41 (Dominik 2005). The re-
sults thus suggest that the QTL on Chromosomes 1
and 17 leave unexplained a substantial proportion of
the genetic differences between CBA and SWA
strains. This is likely true of most other traits, with

the possible exception of IgG1-Ad, where the addi-
tive effects explained 160% of the strain difference
and 20% of the F6/F7 variance. The heritability of
IgG1-Ad is unknown, so the possibility remains that
the QTL on Chromosomes 1 and 17 explain most of
the genetic difference in IgG1-Ad response between
the two parental strains.

Fig. 3. F ratios of association of
microsatellite markers with
parasitological (A) and
immunological (B) traits on
Chromosome 17 (MMU17). See
legend to Fig. 2 for further details.
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The single QTL with pleiotropic effects on
Chromosome 1, mapping to approximately 24 cM,
lies in a relatively gene-poor region of this chro-
mosome and is close to the insulin-dependent
diabetes 5.1 (Idd5.1) locus for which candidate
genes include Ctla4 (cytotoxic T-lymphocyte-asso-
ciated protein 4 at 30.1 cM), Icos (inducible T-cell
costimulator at 32.0 cM), Als2cr19 [amyotrophic
lateral sclerosis 2 (juvenile) chromosome region,
candidate 19 (human)], and Nrp2 (neuropilin-2)

(Wicker et al 2004). Idd5.1 and Idd5.2 are believed
to be the loci responsible for the non-obese dia-
betic (NOD) mouse mutation that suffers from
autoimmune destruction of the islets of Langer-
hans (Lamhamedi-Cherradi et al. 2001) and have
been implicated in experimentally induced auto-
immune encephalomyelitis in mice (Greve et al.
2004). Ctla4, Icos, and CD28 (30.1 cM), the latter
mapping just proximal to these loci, are all mem-
bers of the immunoglobulin superfamily, expressed

Table 6. Least squaresa (LS) and maximum likelihoodb (ML) estimates of the additive and dominance QTL effects

Chr Traitc LOD scored Add.LS Dom.LS Add.ML Dom.ML

1 FEC2 4.5** )0.29 0.12 )0.36 0.20
1 FEC4 11.1** )0.54 )0.09 )0.44 )0.02
1 FEC6 9.7** )0.56 0.06 )0.42 )0.07
1 AVFEC 12.1** )0.46 0.11 )0.35 0.04
1 TWC 12.9** )0.72 0.23 )0.39 0.01
1 PCV6 3.5** 0.30 )0.04 0.25 )0.00
1 IgG1-L4 2.9* )0.22 )0.20 )0.23 )0.25
1 IgG1-Ad 3.6** )0.27 )0.03 )0.26 )0.09
17 FEC4 15.3** )0.68 0.18 )0.61 0.31
17 FEC6 10.3** )0.54 0.17 )0.38 0.04
17 AVFEC 12.7** )0.43 0.19 )0.30 0.15
17 TWC 13.3** )0.71 0.19 )0.37 0.10
17 GS 25.4** 0.72 0.28 0.64 0.19
17 MMCP1 3.5* 0.22 )0.28 0.35 )0.39
17 IgG1-L4 5.2** 0.16 0.40 0.19 0.42
17 IgG1-Ad 16.5** )0.55 )0.17 )0.56 )0.22
17 IgE-L4 12.0** )0.29 0.56 )0.23 0.47

*p < 0.05; **p < 0.01.
aLeast-squares estimates from QTL Express (Standard deviation units).
bMaximum likelihood estimates from MapMaker Exp/QTL (Standard deviation units).
cTraits defined in Table 1.
dLOD scores obtained by standard conversion from least-squares F-test.

Fig. 4. The contribution to the
phenotype of the alleles of the two
QTL for four parasitological traits
[(A) fecal egg counts in week 2; (B)
fecal egg counts in week 4; (C) fecal
egg counts in week 6; and (D) worm
counts in week 6]. Additive values
are shown for each trait for mice
homozygous with CBA alleles (CC),
homozygous for SWR alleles (BB),
and heterozygous (BC) for two
markers nearest to the center of
each QTL, D1mit478 (MMU1) and
D17mit176 (MMU17).
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on T cells, and involved in interactions with B7
ligands on antigen-presenting cells (Loke et al.
2005), but previous experiments using knockouts
and/or in combination with blockade of receptors/
ligands by specific antibodies have indicated that
gene products are not essential for resistance to GI
nematodes in mice (Harris et al. 1999; Kopf et al.
2000; Scales et al. 2004), including H. polygyrus
(Ekkens et al. 2002). Nevertheless, the possibility
that SWR mice have alleles of some of these genes
that enhance the response cannot be excluded on
the basis of these studies. Cflar (Casp8 and FADD-
like apoptosis regulator (FLIP) at 30.1 cM), which
has been shown to have a role in Th2 polarization
of immune responses (Tseveleki et al. 2004), also
maps to this region. Proximally, on the periphery
of the 95% confidence limits for TWC, FEC6, and
FEC4 are genes involved in signal transduction and
gene activation associated with Th1 lymphocytes,
including activation of the IFN-c pathway (STAT1
and STAT4; Kaplan 2005) at 25.9 cM (genetic dis-
tances from Mouse Genome Informatics Database;
http://www.informatics.jax.org) and several QTL

associated with susceptibility to infection (Salmo-
nella typhimurium) and autoimmune and inflamma-
tory diseases overlap with our QTL.

The QTL on Chromosome 17, spanning the
murine MHC and associated loci, was expected not
only on the basis of our earlier study (Iraqi et al.
2003) but also because experiments with congenic
and recombinant mice over a decade earlier had
established that both primary infections (Behnke and
Wahid 1991) and secondary infections (Behnke and
Robinson 1985; Enriquez et al. 1988) are regulated by
genes within the H-2 region. SWR mice carry the H-
2q haplotype, which is typically characteristic of
other resistant strains (e.g., NIH) to H. polygyrus and
also to other nematodes such as Trichinella spiralis
(e.g., BUB/Bn and B10.G; Wakelin and Donachie
1983; Wassom et al. 1983). In contrast, mouse strains
such as CBA and C3H, carrying the H-2k haplotype,
and those with the H-2b haplotype (e.g., C57BL10)
show poor resistance and sustain long chronic
infection with H. polygyrus (Wahid and Behnke
1993), while expelling acute infections such as T.
spiralis more slowly than resistant strains (Wakelin

Fig. 5. The contribution to the
phenotype of the alleles of the two
QTL for five immunological traits
[(A) granuloma score in week 6; (B)
plasma mucosal mast cell protease
in week 3; (C) specific anti-L4 larval
antigen IgG1 serum antibody
concentration in week 6; (D) specific
anti-adult worm antigen IgG1
serum antibody concentration in
week 6; (E) specific anti-L4 larval
antigen IgE serum antibody
concentration in week 6]. For
further details see legend to Fig. 4.
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and Donachie 1983). Enriquez et al. (1988) concluded
that at least two genes were involved in the case of
H. polygyrus, one associated with the Class II, I-Ea
locus (18.66�18.7 cM) and the other mapping toward
the distal H-2D end of the MHC, close to the TNF
locus (19.06 cM), and the positions of our QTL are in
close concordance with these loci. However, it
should be stressed that the QTL (Tir1) for resistance
to Trypanosoma congolense in mice (Iraqi et al
2000), which was originally believed to lie within
the MHC, was eventually shown to map just proxi-
mal to the MHC at 18 cM. Because the present
multiple-trait analysis gave a position of 18.1 cM and
the confidence limits for the positions of the QTL for
most of the individual traits overlap with this region,
we cannot exclude the possibility that genes proxi-
mal or distal to the MHC are also involved.

Taken together, the regions of Chromosomes 1
and 17 within which our QTL are located contain
several candidate genes that are believed to play a
regulatory role in immune responses. Which of
these or other genes (the confidence limits for
some traits encompass other possible candidates)
plays the decisive role in determining susceptibil-
ity/resistance to H. polygyrus will be clarified only
when the regions are dissected through the pro-
duction of recombinant congenic strains by intro-
gression of the responder alleles from SWR onto
the CBA background. However, from our current
(F6/F7) and earlier studies (F2), the work being
conducted to map QTL for resistance to GI nema-
todes in sheep (Beh et al. 2002; Diez-Tascon et al.
2005) and that on the human GI nematode Ascaris
lumbricoides (Quinnell 2003; Williams-Blangero
et al. 2002), a picture is emerging that clearly
indicates multigenic control of resistance to GI
nematodes in mammals. The challenge for the
future will be to identify the crucial combinations
of genes whose alleles make the greatest difference
to resistance, without compromising resistance to
other pathogens and important production traits
and which endow protection to a wide range of GI
nematodes and other helminths. Clearly, MHC
genes do not fall into this category, because diver-
sity in MHC genes is beneficial in the face of
natural challenge by a vast range of potential
pathogens (Cooke and Hill 2000; Hedrick 1994;
Penn et al. 2002; Wegner et al. 2003). However, it
is conceivable that among the non-MHC genes
there are combinations that are responsible for a
significant proportion of the remaining variation in
resistance phenotypes, with potential for exploita-
tion in improving breeds of livestock for the future.
Identification of these genes, their combinations,
and alleles are priorities.
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