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Genetic growth potential interacts with nutrition on the
ability of mice to cope with Heligmosomoides bakeri infection
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SUMMARY

Artificial selection for improved productivity may reduce an animal’s ability to cope with pathogens. Here, we used Roslin
mice, uniquely divergently selected for high (ROH) and low (ROL) body weight, to assess interactive effects of differing
growth potential and protein nutrition on host resilience and resistance. Ina 2 x 2 x 6 factorial design, ROH and ROL mice
were either sham-infected or infected with 250 Ly Heligmosomoides bakeri and fed diets with 30, 80, 130, 180, 230 and 280 g
crude protein per kg. The infected ROL-30 treatment resulted in clinical disease and was discontinued. In the remaining
ROL mice, infection and feeding treatments did not affect growth but infection reduced weight gain in ROH-30, ROH-80
and ROH-130 mice. Although infection resulted in temporarily reduced food intake (anorexia) in both mouse lines, mean
food intake over the whole experiment was reduced in ROH mice only. ROH mice excreted more worm eggs and had higher
worm burdens, with relatively fewer female worms, than ROL mice. However, these resistance traits were not sensitive to
dietary protein. These results support the view that selection for high growth may reduce the ability to cope with pathogens,

and that improved protein nutrition may to some extent ameliorate this penalty.
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INTRODUCTION

The phenotypic selection to improve performance
traits, e.g. growth or milk yield, causes the co-
selection of a generally unknown underlying genetic
architecture (Dekkers and Hospital, 2002). As a
consequence, selection for desired traits can have det-
rimental effects on other traits (Williams, 2005). For
example, long-term selection for growth in mice has
produced individuals with seemingly shorter life-
spans and reduced fertility (Blnger et al. 2001).
A review by Rauw et al. (1998) concluded that selec-
tion for high body weight in poultry decreased fer-
tility and immunocompetence whilst also increasing
the occurrence of defective eggs and chromosomal
abnormalities. This review also suggested that selec-
tion for high milk yield in dairy herds increased the
incidence of diseases such as ketosis or mastitis and
general leg problems. The observation of these cor-
relations may be due to various mechanisms.

It has been suggested that the genetic mechanism
behind changes in correlated traits could be due to
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pleiotropy and/or genetic linkage and that conse-
quently these would be seen under all environmental
conditions (Rauw et al. 1998). Alternatively, ob-
served losses in traits could be explained by a change
in the prioritization of allocation of scarce resources.
In selectively bred hosts, relatively more of the
available scarce resources may be allocated towards
the selected trait because of its increased nutrient
demand, when compared to unselected counterparts.
As a consequence, fewer resources would be allo-
cated to other bodily functions, including immunity
(Beilharz et al. 1993; Beilharz, 1998a,b; Glazier,
2002). In support of this view, protein scarcity has
been shown to reduce immunity (resistance) to
parasites to a greater extent in fast-growing and
multiple-rearing hosts compared to their slower
growing and single-rearing counterparts (reviewed
by Houdjijk et al. 2001 ; Houdijk and Athanasiadou,
2003).

During gastrointestinal (GI) parasitic infection,
anorexia (or the reduction in voluntary food intake)
is a common observation, which may be considered
as a functional host response and substantially con-
tributes to observed losses in production (Kyriazakis
et al. 1998). It has been suggested that selected ani-
mals may have an altered degree of anorexia due to
the observation that intensely selected animals show
reduced resistance and the assumption that anorexia
diminishes as immunity increases (Sandberg et al.
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Table 1. Chemical and analysed composition of the 6 experimental diets

Dietary crude protein (g/kg)

Ingredients (% inclusion) 30 80 130 180 230 280
Casein 30 8-86 14-7 20-6 26-4 323
Rice starch 57-0 51-1 451 39-2 332 27-26
Maltodextrin 13-2 13-2 13-2 13-2 13-2 13-2
Sucrose 10-0 10-0 10-0 10-0 10-0 10-0
Soya oil 7-0 7-0 7-0 7-0 7-0 7-0
Cellulose 5-0 50 50 5-0 5-0 5-0
Vitamins, minerals and amino acids 4-80 4-88 4-97 5-05 5-14 5-23
Analysed composition
Dry matter (g/kg) 919 918 912 909 904 906
Crude protein (g/kg dry matter) 31-0 85-7 144 197 230 292
Acid detergent fibre (g/kg dry matter) 327 35-3 34-9 40-3 42-3 40-6
Ash (g/kg dry matter) 287 27-0 27-8 284 323 31-5

2006; Vagenas et al. 2007). Selection for high growth
can be expected to increase nutrient demand and
thus reduce disease resistance. However results have
been inconsistent for the strength and direction of
the genetic correlation between growth and resist-
ance (Broughan and Wall, 2007). Studies in livestock
species involving interactions between genetic selec-
tion for growth and immunity to GI nematodes are
limited by the shortage of truly comparable breeds,
as breeds have been selected often from different
founder populations and have been selected for dif-
ferent and changing breeding goals in different
environments. The use of a unique mouse model
involving 2 lines derived from the same base popu-
lation (implying an identical initial genetic makeup)
divergently selected purely on the basis of high and
low body weight at 42 days of age may enable the
elucidation of further interactions between selecting
for growth traits and immunity.

Using this mouse model our objectives were to
assess the effects of selection for high body weight on
the ability to cope with a pathogen challenge, on the
degree of anorexia observed and the response to in-
creasing protein nutrition during infection. We hy-
pothesized that mice selected for high body weight
experience a greater penalty to the resilience (per-
formance under infection) and resistance to infection
than their low body weight counterparts, that anor-
exia would be more severe in mice selected for high
body weight, and that these penalties would be re-
duced at higher dietary protein contents.

MATERIALS AND METHODS

Animals and housing

A total of 72 Roslin High (ROH) and 72 Roslin Low
(ROL), newly weaned male mice aged 21 to 23 days
were housed in a room with an ambient temperature
of 21+1 °C and a 12 h light cycle (06.00 to 18.00 h).
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The ‘Roslin lines’ of mice were produced from a
cross of 2 inbred lines (C57BL./6] x DBA/2]), which
were subsequently divergently selected for high
(ROH) or low (ROL) body weight (BW) at 42 days of
age and afterwards inbred for over 38 generations
(described in detail by Heath et al. 1995 ; Binger et al.
2001). ROH mice reach body weights of 36 g and
41 g (at 42 and 70 days of age respectively) with ROL
mice reaching 16 g and 19 g (at 42 and 70 days of age
respectively) when offered a standard diet (see below)
and kept under standard maintenance conditions.
ROH and ROL mice entered the adaptation phase
(see below) of the experiment with a mean (%s.E.)
body weight of 16:7+0:48 g and 6:66+0-17 g, re-
spectively. Mice were individually housed in solid-
bottomed cages with fresh sawdust and bedding
material provided weekly. The experimental details
described below were approved by the Animal
Experiment Committee of Scottish Agricultural
College (ED AE 05/2007) and carried out under
Home Office regulations (PPL 60/3626).

Diets

All mice were fed ad libitum a standard pelleted ex-
panded breeding diet (Rat and Mouse No. 3, Special
Diet Services, Witham, UK digestible crude oil:
39 g/kg; digestible crude protein: 209 g/kg, starch:
273 g/kg; sugars: 112 g/kg; digestible energy:
12-1 M]J/kg) for 3 days after arrival. A total of 6 iso-
energetic (Digestible Energy, 15 M]J/kg) pelleted
experimental diets with a fixed amino acid to crude
protein (CP) ratio were used at differing levels of CP;
30, 80, 130, 180, 230 and 280 g/kg (Table 1). These
CP levels were chosen to range from scarce to more
than adequate in gradually increasing increments
(NRC, 1995), where most standard diets contain
180-200 g/kg, and to capture the low dietary protein
contents used elsewhere in studies on nutritional
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Fig. 1. Diagram of experimental design. T'imeline in experimental days shown along the bottom and mean age of mice

between brackets. Allocation of mice to diets occurred when 50 : 50 experimental : standard diet was offered, mice were
then further allocated to infection groups within these diets at day 0 of the experiment.

sensitivity of parasitism in mice (Slater and Keymer,
1988; Boulay et al. 1998; Ing et al. 2000; Tu et al.
2007). As casein was used as the protein source, 15 g
cysteine was added to each kg of casein to account for
the relative scarcity of this amino acid. The 30 and
280 g/kg CP diets were formulated and the 80, 130,
180 and 230 g/kg CP diets were then produced using
an appropriate mixture of the 30 and 280 g/kg CP
diets (Table 1).

Infection protocol and experimental design

At day O of the experiment mice either received a
single infection of 250 Heligmosomoides bakeri infec-
tive larvae (L) suspended in 0-2 ml of water (I) or a
sham infection of 0:2 ml of water (C) via oral gavage
(Houdijk and Biinger, 2007). The H. bakeri, for-
merly known as Heligmosomoides polygyrus bakeri
and Nematospiroides dubius (Cable et al. 2006), were
donated by Professor Jerzy Behnke, University of
Nottingham, UK (see Jenkins and Behnke, 1977 for
full origin details). The dose of H. bakeri was chosen
to produce a subclinical level of infection that is
known to affect the growth of the mice (Houdijk and
Biinger, 2006, 2007). Previous studies using higher
levels of infection with H. bakeri found that 400 L,
caused a 10% mortality rate in heterozygous mice
(Ehrenford, 1954a) whereas in NZB mice 100%
mortality was achieved at 300 Lg (Mitchell and
Prowse, 1979). Although it is known that variation in
the genetic background of mice used in infection
studies substantially affects the response to larval
dose (Liu, 1966 ; Mitchell and Prowse, 1979 ; Behnke
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et al. 2003), it is not known whether this is also the
case for the ROH/ROL parent lines.

I and C mice of the ROL and ROH line were fed ad
libitum on 1 of the 6 experimental diets (referred to
as 30, 80, 130, 180, 230 and 280) with 6 replicates in
each group, resulting in 24 treatment combinations.
Figure 1 shows the experimental design and time-
table. Mice entered the adaptation phase at ap-
proximately 3 weeks of age (day-10 of experiment).
This consisted of a period where a 50: 50 mix of ex-
perimental and standard diet was offered to accli-
matize the mice to the experimental diet (day-7 until
day-4) with infection occurring at day 0; between
days-3 and 0 mice were only offered the experimental
diets. Mice were humanely killed (aged between
49 and 53 days) on day 28 post-primary infection
(p.1.), for the assessment of worm burdens, colon egg
count and body fat percentage.

Sample measurements and collection

Body weight and food intake. Mice and food refusals
were weighed twice weekly (Tuesday and Friday)
throughout the experiment resulting in 8 exper-
imental periods for food intake and 8 observations on
post-infection body weight until day 28. On each of
these days food refusals were weighed out and fresh
food weighed in, around 30 g was offered to ROH
and 15 g to ROL mice, this was sufficient for ad
libitum feeding. Food intake was calculated per indi-
vidual per day within each of the 8 experimental
periods. Body weight data were used to calculate body
weight gain over the post-infection (p.i.) period.
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Nematode egg counts. Mice were placed onto wire-
bottomed cages overnight and faecal samples col-
lected on days 17, 21 and 25 p.i. to assess faecal egg
counts (eggs per g faeces). This was carried out using
a modified flotation technique (Christie and Jackson,
1982). The total period of faecal collection (finish
time — start time) was recorded to estimate faeces
volume per 12 h, assuming even production of faeces
during the collection period. This faeces volume was
used to standardize egg output per 12 h (EO, eggs per
12 h) to eliminate variation between achieved col-
lection times as well as to account for the dilution
effect on faecal egg counts expected for ROH mice
due to their larger volumes of faeces.

Colon contents and worm burden. Mice were hu-
manely killed on day 28 via CO, inhalation and dis-
sected to obtain the small intestine and the colon.
The small intestine was weighed, opened up and
placed in a gauze pouch suspended in Hanks’ sol-
ution, this was then incubated at 37 °C for 3 h to
collect the adult worms (Wahid and Behnke, 1992).
A 5% formalin solution was added to the recovered
worms, and the intestine and gauze checked for re-
maining worms. Male and female worms were sep-
arated and counted. The colon contents were weighed
and a colon egg count (eggs per g) performed. The
colon egg count was then multiplied by colon con-
tents weight to account for dilution effects arising
from the expected larger colon content volume of the
ROH mice. Resultant data were therefore expressed
as number of eggs in colon (EIC, number of eggs).
The EIC was divided by the number of females
counted to obtain an estimate for the per capita fec-
undity (PCF, eggs per female).

Fat percentage. 'The carcasses were then weighed
and bagged for subsequent freeze-drying to allow
prediction of fat percentage. To prepare the carcass
for the freeze-drying process incisions were made
in the back, tail and head of the animal to allow
maximum water loss. The carcasses were then placed
onto individual labelled trays and the freeze-drier
turned on. After approximately 7 days (or weight loss
ceased) at —70 °C the carcasses were removed and
re-weighed. To calculate fat percentage the following
equation was used (Hastings and Hill, 1989):

Fat percentage =[(freeze-dried weight x 1-13)
/carcass wet weight) —0-302] x 100

Statistical analysis

Due to the skewed nature of the data, EO, EIC and
PCF were logyy (n+1) transformed. These are re-
ported as back-transformed least-square means, ac-
companied by a lower and upper confidence interval,
calculated from back-transforming least-square
mean of transformed data (u), g —s.E. and g +s.E.
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respectively. To adequately account for the relatively
large differences in performance data between
the mouse lines, arising from the difference in body
weights per se between ROL and ROH mice, body
weight and food intake data were also logyy (n+1)
transformed before analysis (Falconer and MacKay,
1996). Repeated measures Restricted Maximum
Likelihood (REML) was used to assess interactive
effects of genetic growth potential, dietary protein
content, infection status and time on body weight,
food intake and EO. The full repeated measures
model is as follows: parameter of interest=genetic
(G)+crude (CP)+
infection status (I) 4 time (t) + all possible six 2-way
interaction +all possible three 3-way interaction+
the 4-way interaction (G.CP.I.t). REML analysis

was also used to assess interactive effects between

potential protein content

genetic growth potential, dietary protein content and
infection status on average daily weight gain, average
food intake and body fat percentage. The full REML
model is as follows: parameter of interest=G+
CP+1+all possible three 2-way interaction+ the
3-way interaction (G.CP.I). Where significant, litter
was included as a random effect. To account for a
possible overestimation of effect size arising from the
unbalanced nature of the data (see results), each
P-value reported was calculated conservatively
through including first all other terms into the final
REML model. Interaction terms that did not ap-
proach significance at P <0-05 were omitted from the
final REML models for each parameter. F-statistics
reported are followed by the numerator then the
denominator degrees of freedom in subscript. Effects
with P-values less than 0-05 are considered signifi-
cant whilst those with P-values between 0-05 and
0-10 are described as tendencies or trends. All stat-
istical analyses were performed using Genstat 11 for
Windows release 11.1, 2008 (VSN international,
Hemel Hempstead, UK).

RESULTS
Loss of the infected ROL-30 group

ROL-30-1 mice were found to show severe clinical
signs of infection at day 7 p.i. such as starry coat,
unsteadiness and disorientation. These mice were
euthanized and this treatment group discontinued
in accordance with previously defined end-points.
Thus, the resulting dataset was characterized as an
incomplete 2 x 2 x 6 factorial design, which conse-
quently was appropriately analysed through REML.

Body weight gain and food intake

Mean observed body weight and food intake are
summarized in Tables 2 and 3, respectively, whilst
mean performance data for each line X infection X
feeding treatment are summarized in Table 4.
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Table 2. Summary of mean body weights (BW in g) and pooled standard errors (S.E.) over time and
at each time-point®P
Protein do d3 d7 d10 d14 d17 d21 d25 d28 Pooled
Line Infection nutrition BW BW BW BW BW BW BW BW BW S.E.
ROH C 30 2396  24-14 2456 2497 2571 2617 2664 2671 27-64 0-89
80 28-21 31-33 3466 3826 41-13 4465 46:13 4755 4977 2:52
130 28-82 32-11 3489 3819 41-38 4502 4675 4821 50-20 1-51
180 28-21 31-20 3434 3691 3911 41-68 4317 4374 4427 1-61
230 31-36 3470  38-39  41-33 4391 4676 4869 4895 5048 2-44
280 28-01 30-89 33-87 37-68 40-16 42-76 4424 4559 4733 069
I 30 23-07 22-97 22-37 22-87 2326 2414 2414 23-34 2242 1-05
80 27-41 29-77 33:56 3515 37-50 40-13 40-21 4071 41-66 192
130 29-60 31-86 3492 37-96 39-57 42:10 44-02 45-00 47-12 092
180 29-82  32:24 3574 37-82 40-30 41-74 43-32 4431 4626 2:04
230 28-02 31-42 3440 3634 3829 4052 41-10 41-65 4310 123
280 28:02 3071 3412 3641 3896 41-18 4246 4412 4569 1:22
Pooled s.E. for ROH 0-48 0-41 0-39 0-36 0-42 0-42 0-45 0-46 0-49
ROL C 30 1138 1195 1260 13-39 1370 1431 1480 1518 1552 0-50
80 1226 1329 1438 1530 1588 1655 1693 1698 17:69 031
130 1021 1181 1328 13:99 1509 1561 1621 1646 1712 045
180 11-81  13:01 1437 1512 1580 1622 17:05 17:64 1774 036
230 1113 1221 1363 1430 1507 1542 1584 1646 16:60 065
280 1067 1239 1374 1460 1557 1612 1660 1665 17:33  0-52
I 30¢ — — — — — — — — — —
80 10-79 12-10  13-16 13-82 1467 1527 1582 1656 1695 0-52
130 10:96  12-04 13-63 1424 1500 1579 1649 1696 17-65 042
180 11-77 12-82  13-98 14-62 15-33 1598 1635 17-12 1769 0-33
230 11-01 12-51 1406 15-:06 1575 16:37 1665 17-10 1832 0-44
280 12-08 12:91 1460 1495 1555 1648 17-03 17-59 1842 0-61
Pooled s.E. for ROL 015 013 013 012 012 014 013 014 014

2 Raw data shown.

b “Roslin’ mice divergently selected for high (ROH) and low (ROL) body weight were either sham-infected (C) or infected
with 25013 Heligmosomoides bakeri (1). Experimental diets contained 30, 80, 130, 180, 230 or 280 g crude protein per kg.
¢ ROL-30-1I showed clinical signs of infection and were discontinued.

Figure 2 shows the log-transformed mean of daily
weight gain and food intake over the experiment.
ROH mice, with the exception of ROH-30-1 mice,
gained more weight over the experiment than ROL
mice (mean=0-497+0-202 g per day and 0-175+
0-005 g per day respectively; F;34=529-55, P<
0-001). However, on average ROH-30-1 mice did not
gain weight across the experiment (mean= —0-02 +
0-04 g per day).

A three-way interaction between genetic growth
potential, protein nutrition and infection status
was observed for body weight gain (F,4=3-01,
P=0-021). This was due to ROH mice showing a
reduction in weight gain on the 30 g CP per kg diet
and also in response to infection on 30, 80 and 130 g
CP per kg diets whilst ROL mice maintained a
relatively stable weight gain regardless of exper-
imental group. ROH mice gained more weight than
ROL mice, with the exception of ROL-30-C gaining
more than ROH-30-1 (Fy114=529-55, P<0-001).
The random effect of litter was not significant
(P>0-10).

Genetic growth potential interacted with dietary
protein content and with infection status for average
daily (log-transformed) food intake (Fig. 2). The
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interaction with dietary protein content resulted
from decreased food intake of ROH-30 mice whereas
ROL-30 mice increased their intake on this diet
when compared to other diets (Fj;;03=2944, P<
0-001). The interaction with infection status was re-
flected in a reduced intake following infection in
ROH mice but not in ROL mice (F;99=06-70,
P=0-011). Across feeding and infection treatments,
ROH mice consumed more food than ROL mice
(F136=1188-36, P<0-001). The random effect of
litter was significant (deviance ratio=653, D.F.=1,
P=0-01).

Figure 3 shows the log-transformed mean of daily
food intake over time. Time and infection status
interacted for average daily food intake (F7 g, =333,
P=0-002); infection caused a temporary decrease in
voluntary intake between day 3 and day 14 p.i. This
anorexia was not affected by genetic growth poten-
tial. However, the analysis of food intake over time
showed two 3-way interactions. Firstly, infection
status interacted with protein and time as evidenced
by the variable presence of anorexia over the 6 levels
of dietary CP (F35 g60=26, P<0-001). Anorexia was
not observed for 3 of the remaining 11 mice line —
feeding treatment combinations, i.e. ROH-130,
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Table 3. Summary of mean average daily food intakes (DFI in g) and pooled standard errors (S.E.)

over time and at each time-period®P

Protein d0-d3 d3-d7 d7-d10 d10-d14 d14-d17 d17-d21 d21-d25 d25-d28 Pooled
Line Infection nutrition DFI ~ DFI  DFI DFI DFI DFI DFI DFI S.E.
ROH C 30 4-47 3-86 3-57 3-64 3-31 3-38 317 3-32 0-15
80 5:25 5-19 5-52 5-27 5-52 5-04 4-93 4-90 0-09
130 4-88 4-97 5-13 541 5:69 5-39 5-23 5-00 0-07
180 4-88 5-03 4-84 5-19 4-87 4:66 4-51 3-98 0-09
230 5-20 571 5-36 5:66 5-47 5-21 477 4-81 0-11
280 470 4-97 5:23 517 5-06 5-08 4-62 451 0-08
I 30 4-32 3-28 3-33 393 370 3-09 2:37 1-96 0-11
80 4-94 471 4-39 4-62 4-92 4-48 4-21 3-87 0-09
130 479 472 477 4-88 4-80 5-15 471 4-84 0-09
180 473 4-91 4-57 472 4-70 471 4-60 471 0-08
230 512 4-84 4-24 4-68 4-98 4-60 4-44 472 0-07
280 473 479 4-41 479 4-81 474 462 4-65 0-07
Pooled s.E. for ROH 0-03 0-02 0-02 0-03 0-02 0-03 0-03 0-03
ROL C 30 291 2:96 3-02 2:95 2:94 3-14 3-01 2:96 0-05
80 2:64 2:65 2:60 2:49 2-54 2:69 2-51 2-49 0-03
130 2-55 2-51 2:52 2-57 2:47 2-52 2:56 2-54 0-03
180 267 2:67 2-51 2-50 2-48 274 2-58 2:62 0-03
230 2-56 2:52 2-44 241 2:46 2-50 2:53 2:27 0-04
280 2-55 2-44 2-50 2:48 2-38 2-49 2:41 243 0-04
I 30¢ — — — — — — — — —
80 2:48 224 2:27 2:37 2:42 2:48 2-58 2-38 0-03
130 246 2:36 2:32 2:45 2-58 2-54 2:60 2-59 0-03
180 252 2-30 229 2-46 2-40 2:47 2:63 2-44 0-03
230 266 2-47 2:47 2-57 2-56 2:69 2-54 2:68 0-04
280 2:47 2-39 2-19 2:47 2-53 2-59 2:47 2-53 0-04
Pooled s.E. for ROL 0-01 0-01 0-01 0-01 0-01 0-01 0-01 0-01

4 Raw data shown.

b <Roslin’ mice divergently selected for high (ROH) and low (ROL) body weight were either sham-infected (C) or infected
with 25013 Heligmosomoides bakeri (1). Experimental diets contained 30, 80, 130, 180, 230 or 280 g crude protein per kg.
¢ ROL-30-1 showed clinical signs of infection and were discontinued.

ROH-180 and ROL-230. Secondly, genetic growth
potential interacted with protein and time as evi-
denced by a larger decline in intake over time on the
30 g/kg CP in ROH mice compared to ROL mice
(F35860=1:62, P=0-014). In addition and in com-
parison with the other experimental diets, ROH-30
mice had a lower intake whilst for ROL-30 mice in-
take on this diet was the highest.

Egg output, eggs in colon and worm burden

Mean parasitism data for each line X infection x
feeding treatment combination are summarized in
Table 5. Figure 4 shows the back-transformed mean
EO, EIC and mean total worm burden. The 12 h
faecal production was higher in ROH mice than
in ROL mice (0-55 vs 0-34 g; s.E.D: 0-025 g; Fy 5=
38-49, P<0-001), which justified the need to account
for potential dilution effects on faecal egg counts.
Genetic growth potential and feeding treatment did
not significantly interact with time for EO. There-
fore, the mean EO averaged over days 17, 21 and 25
p.i. was analysed. Back-transformed EO are shown in
Fig. 4. Genetic growth potential and dietary protein
contents interacted for EO (F, =295, P=0:036);
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EO tended to be consistently higher in ROH than in
ROL mice (F;3,=2-94, P=0-096) but was signifi-
cantly higher on 80 g/kg CP diets only. Increasing
dietary protein content also increased 12 h faecal
production in both lines (F; 2; =565, P<0-001). The
random effect of litter was significant (deviance
ratio=19-19, p.r.=1, P<0-001).

Genetic growth potential and feeding treatment
interacted for colon contents weight (F;5,=23-01,
P<0-:001); increasing dietary protein content in-
creased colon content weight in ROH mice but de-
creased colon contents weight in ROL mice. Across
feeding treatments, weight of colon contents was
higher in ROH mice than in ROL mice (0:21 wvs
0-16 g; s.E.p. 0-014 g; F,;5,=13-00, P=0-001). As
with faecal output, these observations justified ac-
counting for effect of colon contents volume on worm
egg concentrations. Genetic growth potential and
feeding treatment did not interact for EIC. However,
EIC was significantly higher in ROH mice than ROL
mice (F;35=5-97, P=0-018; Fig. 4). The random
effect of litter was not significant (P> 0-10).

Genetic growth potential and feeding treatment
did not interact for total worm counts (Fig. 4).
However, genetic growth potential affected male
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Table 4. Summary showing means and pooled standard errors (S.E.)
of performance data®P

Daily weight Daily food

Protein gain intake Fat

Line Infection nutrition (g) (g) (%)
ROH C 30 0-13 3-59 18:63
80 066 5-20 25-87
130 0-64 5-21 22-39
180 0-47 475 20-30
230 0-56 5-27 25-26
280 0-59 4-92 21-68
I 30 —0-02 3-16 14-20
80 0-42 4-51 16-50
130 0-54 4-83 19-20
180 0-50 4-71 18-80
230 0-42 4-70 16-90
280 0-54 468 19-20
Pooled s.E. 0-15 0-04 1-50
ROL C 30 0-13 2:99 16-00
80 0-16 2-58 11-24
130 0-19 2-53 11-82
180 0-17 2:60 13-50
230 0-16 2-46 12:66
280 0-18 2-46 12-45

I 30°¢ — — —

80 0-17 2-40 11-30
130 0-20 2:49 9-94
180 0-17 2-44 10-70
230 0-21 2-58 9-74
280 0-20 2-46 8:95
Pooled s.E. 0-06 0-02 0-92

2 Data were log transformed for statistical analysis.

P “Roslin’ mice divergently selected for high (ROH) and low (ROL) body weight
were either sham-infected (C) or infected with 25013 Heligmosomoides bakeri (1).
Experimental diets contained 30, 80, 130, 180, 230 or 280 g crude protein per kg.
¢ ROL-30-1I showed clinical signs of infection and were discontinued.

worm numbers, as ROH mice had significantly
higher numbers of male worms than ROL mice (96
vs 68; S.E.D. 10:9; Fy5,=6-10, P=0-017). Figure 5
shows the sex composition of the worm burdens and
per capita fecundity. Genetic growth potential sig-
nificantly affected worm burden sex composition;
ROL mice had a higher percentage of female worms
than ROH mice (5443 vs 49-72%; s.E.D. 1:889%;
Fi63=0621, P=0-021). Per capita fecundity tended
to be higher in ROH mice than in ROL mice
(F162=3-37, P=0-071) but was not affected by
dietary CP contents. The random effect of litter was
not significant for worm numbers or per capita fec-

undity (P>0-10).

Body fat percentage

A three-way interaction between genetic growth
potential, dietary protein and infection status was
significant for body fat percentage (F,199=278,
P=0-030; Fig. 6). ROH mice had higher body fat
percentage than ROL mice (F; 35=134-95, P<0-001)
and infection reduced body fat percentage in both
ROH and ROL mice (F;4=06588, P<0-001).
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However, body fat percentage seemed to increase
with higher levels of dietary CP contents for infected
ROH mice, whilst it decreased for infected ROL
mice. ROL mice had their highest body fat per-
centage at 30 g CP per kg. The random effect of litter
was significant (deviance ratio=9-78, p.r.=1, P=

0-002).

DISCUSSION

The results of this study supported our hypothesis
that selection for high body weight in mice imposes a
greater penalty on resistance and resilience to para-
site infection than selection for low body weight, and
that improved protein nutrition could ameliorate
the penalty on host resilience. However, in contrast
to our other hypotheses, our results also showed that
this difference in genetic growth potential did not
affect anorexia, and that increased protein nutrition
did not affect host resistance.

Body weight and feed intake

It was found that ROH mice had a greater reduction
in average daily intake and daily weight gain, but a
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Fig. 2. (A) Logy transformed daily food intake and

(b) body weight gain of high (ROH - open circle) and low
(ROL - closed circle) body weight mice averaged across
28 days of infection with Heligmosomoides bakeri (dashed
line) or sham infection with water (solid line) at different
levels of dietary CP.

similar reduction in body fat percentage in response
to infection relative to ROL mice. Although this ef-
fect has not been addressed in divergently selected
mouse lines, infections have been shown to produce
reductions in both food intake and body weight gain
in mice (Brailsford and Mapes, 1987 ; T'u et al. 2007).
Moreover, Kristan and Hammond (2001, 2006) in-
vestigated the effect of H. bakeri infection on body
fat in Swiss-Webster mice and found a reduction of
20% on average, which corresponds very well to the
reduction found in the current study in both the
ROH and ROL mice (an average of 21-5% and 21-8%
respectively). This reduction of body fat appears
to suggest that the two genetic lines utilized energy
similarly in response to infection and suggests a
possible role for energy nutrition during gastro-
intestinal nematode infections. Indeed, caloric re-
striction, via restrictive feeding protocols (causing
mainly energy restriction but in addition also some
degree of protein restriction), may increase suscep-
tibility to parasite infection and also worm burdens
and parasite fecundity (Koski et al. 1999; Kristan,
2008). However, the sham-infected animals showed a
difference in their allocation rules, with ROH-80-280
mice having increased body fat compared to ROH-30
whilst ROL-30 mice have the highest body fat com-
pared to ROL-80-280.

Increasing dietary CP contents to 130 g CP per kg
and above resulted in increased host resilience in
ROH mice, as illustrated by reduced penalty of in-
fection on food intake and body weight gain. A pre-
liminary study using ROH and ROL mice did find
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Fig. 3. Log,, transformed daily food intake of

high (ROH - open circle) and low (ROL — closed circle)
body weight mice following infection with
Heligmosomoides bakeri (dashed line) or sham infection
with water (solid line) over the 28-day experimental
period.

that feeding a 250 g CP per kg diet similarly reduced
the penalty of infection on body weight gain in ROH
mice when compared to ROH mice fed 50 g CP per
kg (Houdijk and Biinger, 2007). This is consistent
with our findings, and suggests that moderate protein
nutrition using highly digestible protein sources
(130 g CP per kg diet) may ameliorate losses in pro-
duction during a primary infection with gastro-
intestinal nematode parasites.

Anorexia, characterized as a temporary reduction
in food intake following infection, is a common out-
come of exposure to pathogens, including gastro-
intestinal parasites (Kyriazakis et al. 1998; Mercer
et al. 2000). Its biological relevance is evident from
force-feeding studies. For example, Murray and
Murray (1979) observed increased host mortality
following force-feeding mice during a Listeria mono-
cytogenes infection. However, the time-course of
anorexia has not been described in detail during
H. bakeri infection; to date, studies have only re-
ported a decrease in food intake over the entire ex-
perimental period (Brailsford and Mapes, 1987 ; Shi
et al. 1997; Boulay et al. 1998; Tu et al. 2007). This
study, therefore, is the first to describe the time-
course of anorexia during a primary infection of
H. bakeri. Anorexia in both lines was found to occur
between day 3 and day 14 post-primary infection.
Although genetic growth potential was not found
to affect anorexia overall, whether anorexia differed
between lines depended on dietary protein content.
ROH mice did not show anorexia at 130 or 180 g CP
per kg whilst ROL mice did not show anorexia at
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Table 5. Summary showing means and pooled standard errors (s.E.) of parasitism data®P

Eggs in Total Female Male Per capita
colon Egg output worms worms worms fecundity
Line Protein (n) (n/12 h) (n) (n) (n) (n/female)
ROH 30 2032 9937 214 106 108 23-88
80 7309 21582 268 140 128 5269
130 4154 21139 126 60 66 77-26
180 7186 12 347 191 100 91 75-37
230 6813 13147 229 114 115 71-80
280 6170 19217 146 75 71 82-58
Pooled s.E. 1104 4314 31 21 21 12-38
ROL 30¢ — — — — — —
80 6028 5956 143 84 59 6451
130 2735 13604 139 73 67 39-42
180 4586 6587 129 68 62 69-99
230 2808 6828 152 78 74 45-07
280 2916 11787 173 94 79 35-56
Pooled s.E. 978 1306 15 12 12 17-36

? Egg count and fecundity data were log transformed for statistical analysis.
P ‘Roslin’ mice divergently selected for high (ROH) and low (ROL) body weight were fed either 30, 80, 130, 180, 230 or

280 g crude protein per kg diets.

¢ ROL-30-1I showed clinical signs of infection and were discontinued.

230 g CP per kg only. This apparent lack of sys-
tematic effect of dietary CP content on anorexia in
both lines may be due to variation in food intake at
different levels of dietary CP in the sham-infected
mice. Although a lack of systematic research in this
area makes it difficult to reach a consensus on the
effect of diet composition on anorexia (Kyriazakis,
2009), the data from this study would support the
view that the degree of anorexia does not depend
on dietary CP contents. The latter is consistent with
earlier work done on H. baker: (Brailsford and
Mapes, 1987) but also on sheep infected with 7. co-
lubriformis (Kyriazakis et al. 1996) and Haemonchus
contortus (Datta et al. 1998).

Egg output, eggs in colon and worm burden

Compared to ROL mice, infection in ROH mice
produced greater 12 h egg output, total eggs in the
colon contents and per capita fecundity. This sug-
gests that ROH mice had an impaired resistance to
H. bakeri, which in turn implies that selection for
high body weight may produce a loss of immunity
towards pathogen challenge. Since this reduced im-
munocompetence was observed at times of appar-
ently adequate CP nutrition, it may not necessarily
have arisen from reduced allocation of scarce protein
to host immune functions. Influences of host genetics
on H. bakeri infection have long been considered and
some commonly used mouse strains have now been
categorized as high or low responders based on LLDj,
experiments and also according to time taken to clear
out the infection (Liu, 1966; Iraqi et al. 2003). Given
that genetic differences in immunocompetence be-
tween the ROH and ROL mice exist they could
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potentially be the result of a true genetic correlation
or drift. As selection for high production in lambs
can also impair the ability to cope with pathogens, as
lambs with a high growth potential had higher faecal
egg counts than their low growth potential counter-
parts (Zaralis et al. 2008) it is suggested that it is more
likely a genetic correlation than drift.

Consistent with our results, Slater and Keymer
(1988) also did not find an effect of increased protein
nutrition on worm burdens or egg counts during a
primary infection. However, Boulay et al. (1998) did
report a significant reduction in worm burdens in
mice fed 240 g CP per kg when compared to 30 and
70 g CP per kg diets. These mice were older than
those in the current study, which may have led to
stronger immune response per se (Goff et al. 2001;
Miller et al. 2005). In addition, it remains to be
elucidated whether the differences between Boulay’s
findings and our own may have arisen from dif-
ferences in feeding treatment regime, i.e. our study
introduced the experimental diets 1 week before in-
fection whilst in the study of Boulay et al. (1998),
mice were fed the experimental diets several weeks
before During secondary infections,
protein scarcity, arising from feeding 20 or 30 g CP

infection.

per kg diets, decreased weight gain and increased
worm burdens and egg counts when compared with
diets with 70 or more g CP per kg (Slater and Keymer,
1988 ; Boulay et al. 1998). In addition, it was shown
that switching food types from protein deficient
(30 g/kg) to protein sufficient (240 g/kg) during pri-
mary or secondary infection with H. bakeri was also
shown to rapidly restore body weights in mice and
resulted in a reduction of worm burdens and faecal
egg counts during secondary challenge to levels
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Fig. 4. (A) Back-transformed 12 h egg output

averaged over days 17, 21 and 24 post-infection.

(B) Back-transformed number of eggs in the colon on
day 28 post-infection. (C) Total worm burden on day 28
post-infection for high (ROH - open circle) and low
(ROL - closed circle) body weight mice, infected with
Heligmosomoides bakeri and fed different levels of dietary
crude protein (CP) for 28 days.

achieved on the protein sufficient diet for the entire
study (Tu et al. 2007). Taken together, these and our
findings support the view that protein scarcity affects
expression of immunity to a larger extent that ac-
quisition of immunity (Coop and Kyriazakis, 1999).

The lower level of EO in ROH mice on diet 30
compared to diet 80 was an unexpected result but
in agreement with similar findings in sheep, primary
infected with the small intestinal nematode Tricho-
strongylus colubriformis (Athanasiadou et al. 2001).
These observations may suggest that very low levels
of nutrient supply can limit the parasite as well as the
responses of the host (Houdijk and Athanasiadou,
2003). In the case of H. bakeri, these limitations may
be incurred through villus atrophy that occurs under
protein scarce environments (T'u et al. 2007). This
in turn may reduce availability of epithelial cells as a
food resource to H. bakeri (Bansemir and Sukhdeo,

1994, 1996).
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Fig. 5. (A) Sex ratio of worm burdens (% female
worms-solid bar and % male worms-patterned bar) and
(B) mean back-transformed per capita fecundity (PCF)
for high (ROH) and low (ROL) body weight mice taken

28 days after infection with Heligmosomoides bakeri.
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Fig. 6. Average body fat percentage of high

(ROH - open circle) and low (ROL - closed circle) body
weight mice either infected with Heligmosomoides bakeri
(dashed line) or sham infected with water (solid line) at
different levels of dietary CP, taken 28 days after
infection.

The worm burden results were more subtly altered
than egg count parameters in this current study with
ROL mice showing a female worm bias. Such a bias
is commonly reported in studies involving wild mice
(Keymer and Dobson, 1987; Gregory et al. 1992).
This difference in worm sex ratios between ROH and
ROL may also be a product of potential genetic drift
or inherent genetic correlation. Alternatively, dif-
ferences in parasite sex ratios may be influenced by
factors such as mating probabilities and dispro-
portional survival between the sexes during larval
stages in the host (Stien et al. 2005).
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Loss of ROL-30-1 group

The loss of the ROL-30-1 group made comparison of
the treatment groups incomplete. Had this group
been present, then the effect of protein on scarcity on
resilience and resistance to H. bakeri infection may
have been better understood. Clinical symptoms of
infection were observed in this group from day 7 p.i.
which corresponds to the time when larvae migrate
from the intestinal mucosa to the lumen for their final
moult to adult worms (Ehrenford, 19545). This
process is probably associated with mucosal damage,
leading to loss of plasma proteins and epithelial cells,
which are common features of intestinal parasitism
(Coop and Holmes, 1996; van Houtert and Sykes,
1996). Because such losses would interfere with
host maintenance, parasitized hosts would be ex-
pected to attempt to replenish them (Coop and
Kyriazakis, 1999). Moreover, replenishment of these
losses is the largest contributor to elevated protein
requirements during gastrointestinal nematode in-
fections (Houdijk et al. 2001). The clinical signs
observed in the ROL-30-1 mice may have arisen
from their inability to respond to this temporary
increased protein requirement. ROH-30-1 mice did
not show any clinical signs but displayed a small,
temporal reduction in body weight on day 7 p.i.
relative to day 4 and day 10 p.i. at similar levels of
intake. This may suggest they were more able than
their ROL counterparts to utilize body reserves to
cope with the assumed temporal elevation of protein
requirements at times of dietary protein scarcity.
ROL mice infected with 250 Lg H. bakeri and fed ad
libitum a 50 g CP per kg food did not have any clinical
signs of parasitism as observed in this study (Houdijk
and Bunger, 2007). In addition, a single infection
with 150 L3 in 3 spare ROL-30-I mice also resulted
in no clinical signs but a small temporal drop in body
weight and an approximately 20 % reduction in body
weight gain over 28 days p.i. was observed, relative to
ROL-30-C mice (data not shown). Taken together,
these observations suggest that the inability of ROL-
30-1 mice to cope with the experimental treatment
was likely a combination of the low dietary CP con-
tents, the relatively high level of infection and their
small body size.

The growth performance data obtained in the
current experiment support the view that protein
scarcity may only have been achieved in the ROH-30
mice; Fig. 2 suggests that growth performance did
not differ between 80-280 g CP per kg in both lines
whilst 30 g CP per kg causes a significant loss of
performance in ROH mice when mice were not in-
fected. This is in agreement with earlier findings,
where BALB-c mice fed diets with 70 and 240 g CP
per kg had similar growth performance, which was
higher than that of mice fed diets with 30 g CP per kg
(Boulay et al. 1998). The food intake data suggest
ROL attempted to compensate for protein scarcity
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on the 30 g CP per kg diet through increasing their
food intake. Such an increased intake would have
been associated with a higher intake of energy, which
in our experiment is reflected in the higher body fat
percentage observed for ROL-30 mice compared to
ROL mice on higher CP diets. In contrast, ROH
mice were apparently unable to compensate for
protein scarcity through an increased food intake; in
fact, their intake on the 30 g CP per kg diet was sig-
nificantly lower compared to ROH mice on higher
CP diets. This result, is in accordance with the
findings of Boulay et al. (1998) where food intake on
the 30 g CP per kg diet was greatly reduced and the
highest intake was observed on 70 g CP per kg diet.
The significantly reduced intake of ROH-30 mice
coincided with them having the lowest body fat
percentage. It remains unclear why ROL and not
ROH were able to overcome protein scarcity through
displaying increased food intake but the data support
the view that the protein requirement in ROL mice
may be considerably lower than that in ROH mice.
As such, the conditions for studying the effects of
protein scarcity on genetic growth potential have not
been met, which consequently confounds effects of
protein scarcity with effects of genetic growth po-
tential at the lowest levels of protein used in our
study.

In conclusion, this study supports the view that
narrow selection for a performance trait, body weight
in this instance, may penalise immunocompetence
and thus host ability to cope with a primary pathogen
challenge and that, at least in terms of resilience,
ensuring sufficient protein nutrition could minimize
this penalty. Resistance per se may be due to genetic
linkage or pleiotropy or alternatively through genetic
drift during a primary infection, as this study found a
lack of evidence supporting the allocation theory.
Whether host protein nutrition affects the conse-
quences of narrow selection for production traits on
ability to cope with secondary infections remains to
be addressed.
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Mclnnes, Moira Stewart and Lesley Deans for their
technical assistance.

REFERENCES

Athanasiadou, S., Kyriazakis, I., Jackson, F. and
Coop, R. L. (2001). The effects of condensed tannins
supplementation of foods with different protein content
on parasitism, food intake and performance of sheep
infected with Trichostrongylus colubriformis. British
Fournal of Nutrition 86, 697-706.

Bansemir, A. D. and Sukhdeo, M. V. K. (1994).

The food resource of adult Heligmosomoides


https://doi.org/10.1017/S0031182009006428

F. C. Coltherd and others

polygyrus in the small-intestine. Fournal of Parasitology
80, 24-28.

Bansemir, A. D. and Sukhdeo, M. V. K. (1996). Villus
length influences habitat selection by Heligmosomoides
polygyrus. Parasitology 113, 311-316.

Behnke, J. M., Lowe, A., Clifford, S. and Wakelin, D.
(2003). Cellular and serological responses in resistant
and susceptible mice exposed to repeated infection with
Heligmosomoides polygyrus bakeri. Parasite Immunology
25, 333-340.

Beilharz, R. G. (1998 a). Environmental limit to genetic
change. An alternative theorem of natural selection.
FJournal of Animal Breeding and Genetics 115, 433-437.

Beilharz, R. G. (19985). The problem of genetic
improvement when environments are limiting.
Proceedings of the 6th World Congress on Genetics Applied
to Livestock Production 26, 81-84.

Beilharz, R. G., Luxford, B. G. and Wilkinson, J. L.
(1993). Quantitative genetics and evolution: is our
understanding of genetics sufficient to explain
evolution ? Journal of Animal Breeding and Genetics 110,
161-170.

Boulay, M., Scott, M. E., Conly, S. L., Stevenson,

M. M. and Koski, K. G. (1998). Dietary protein and
zinc restrictions independently modify a
Heligmosomoides polygyrus (Nematoda) infection in
mice. Parasitology 116, 449-462.

Brailsford, T. J. and Mapes, C.J. (1987). Comparisons
of Heligmosomoides polygyrus primary infection in
protein-deficient and well-nourished mice. Parasitology
95, 311-321.

Broughan, J. M. and Wall, R. (2007). Faecal soiling and
gastrointestinal helminth infection in lambs.
International Journal for Parasitology 37, 1255-1268.

Biinger, L., Renne, U. and Buis, R. C. (2001). Body
weight limits in mice. In Encyclopedia of Genetics
(ed. Reeve, E. C. R.), pp. 337-360. Fitzroy Dearborn
Publishers, L.ondon and Chicago.

Cable, J., Harris, P. D., Lewis, J. W. and Behnke, J. M.
(2006). Molecular evidence that Heligmosomoides
polygyrus from laboratory mice and wood mice are
separate species. Parasitology 133, 111-122.

Christie, M. and Jackson, F. (1982). Specific
identification of strongyle eggs in small samples of sheep
feces. Research in Veterinary Science 32, 113-117.

Coop, R. L. and Holmes, P. H. (1996). Nutrition and
parasite interaction. International Journal for
Parasitology 26, 951-962.

Coop, R. L. and Kyriazakis, I. (1999). Nutrition-parasite
interaction. Veterinary Parasitology 84, 187-204.

Datta, F. U., Nolan, J. V., Rowe, J. B. and Gray, G. D.
(1998). Protein supplementation improves the
performance of parasitised sheep fed a straw-based
diet. International Fournal for Parasitology 28,
1269-1278.

Dekkers, J. C. M. and Hospital, F. (2002). The use of
molecular genetics in the improvement of agricultural
populations. Nature Reviews Genetics 3, 22-32.

Ehrenford, F. (1954 a). Effects of dietary protein on the
relationship between laboratory mice and the nematode
Nematospiroides dubius. Journal of Parasitology 40, 486.

Ehrenford, F. (19545). The life cycle of Nematospiroides
dubius baylis (Nematoda: Heligmosomidae). Fournal of
Parasitology 40, 480—481.

https://doi.org/10.1017/50031182009006428 Published online by Cambridge University Press

1054

Falconer, D. S. and MacKay, T. F. C. (1996).
Introduction to Quantitative Genetics, 4 Edn. Longman
Scientific and Technical, Harlow, UK.

Glazier, D. S. (2002). Resource-allocation rules and the
heritability of traits. Evolution 56, 1696—1700.

Goff, W., Johnston, W., Parish, S., Barrington, G.,
Tuo, W. and Valdez, R. (2001). The age-related
immunity in cattle to Babesia bovis infection involves
the rapid induction of interleukin-12, interferon-
gamma and inducible nitric oxide synthase mRNA
expression in the spleen. Parasite Immunology 23,
463-471.

Gregory, R. D., Montgomery, S. S. J. and
Montgomery, W. L. (1992). Population biology of
Heligmosomoides polygyrus (Nematoda) in the wood
mouse. Journal of Animal Ecology 61, 749-757.

Hastings, I. M. and Hill, W. G. (1989). A note on
the effect of different selection criteria on carcass
composition in mice. Animal Production 48, 229-233.

Heath, S. C., Bulfield, G., Thompson, R. and
Keightley, P. D. (1995). Rates of change of genetic-
parameters of body weight in selected mouse lines.
Genetical Research 66, 19-25.

Houdijk, J. G. M. and Athanasiadou, S. (2003). Direct
and indirect effects of host nutrition on ruminant
gastrointestinal nematodes. Proceedings of the 4th
International Symposium on the Nutrition of Herbivores,
Mérida, Mexico, pp. 213-236.

Houdijk, J. G. M. and Biinger, L. (2006). Selection for
growth increases the penalty of parasitism on growth
performance in mice. Proceedings of the Nutrition Society
65, 68A.

Houdijk, J. G. M. and Biinger, L. (2007). Interactive
effects of selection for growth and protein supply on the
consequences of gastrointestinal parasitism on growth
performance in mice. Proceedings of the British Society of
Animal Science, 92.

Houdijk, J. G. M., Jessop, N. S. and Kyriazakis, I.
(2001). Nutrient partitioning between reproductive and
immune functions in animals. Proceedings of the
Nutrition Society 60, 515-525.

Ing, R., Su, Z., Scott, M. E. and Koski, K. G. (2000).
Suppress T helper 2 immunity and prolonged survival of
the nematode parasite in protein-malnourished mice.
Proceedings of the National Academy of Sciences, USA
97, 7078-7083.

Iraqi, F., Behnke, J. M., Menge, D. M., Lowe, A.,
Teale, A. J., Gibson, J. P., Baker, L. R. and Wakelin,
D. (2003). Chromosomal regions controlling resistance
to gastro-intestinal nematode infections in mice.
Mammalian Genome 14, 184—191.

Jenkins, S. N. and Behnke, J. M. (1977). Impairment of
primary expulsion of Trichuris muris in mice
concurrently infected with Nematospiroides dubius.
Parasitology 75, 71-78.

Keymer, A. and Dobson, A. (1987). The ecology of
helminths in populations of small mammals. Mammal
Review 17, 105-116.

Koski, K. G., Su, Z. and Scott, M. (1999). Energy deficits
suppress both systemic and gut immunity during
infection. Biochemical and Biophysical Research
Communications 264, 796-801.

Kristan, D. M. (2008). Calorie restriction and
susceptibility to intact pathogens. Age 30, 147-156.


https://doi.org/10.1017/S0031182009006428

Genetic growth potential, protein nutrition and parasitism

Kristan, D. M. and Hammond, K. A. (2001). Parasite
infection and caloric restriction induce physiological and
morphological plasticity. American Fournal of
Physiology-Regulatory Integrative and Comparative
Physiology 281, R502-R510.

Kristan, D. M. and Hammond, K. A. (2006). Effects of
three simultaneous demands on glucose transport,
resting metabolism and morphology of laboratory mice.
Fournal of Comparative Physiology B-Biochemical
Systemic and Environmental Physiology 176, 139-151.

Kyriazakis, I. (2009). Does food composition affect
anorexia during infection ? British Journal of Nutrition
(in the Press).

Kyriazakis, I., Tolkamp, B. J. and Hutchings, M. R.
(1998) Towards a functional explanation for the
occurrence of anorexia during parasitic infections.
Amnimal Behaviour 56, 265-274.

Kyriazakis, I., Anderson, D. H., Oldham, J. D., Coop,
R. L. and Jackson, F. (1996). Long-term subclinical
infection with Trichostrongylus colubriformis: Effects on
food intake, diet selection and performance of growing
lambs. Veterinary Parasitology 61, 297-313.

Liu, S. (1966), Genetic influence on resistance of mice to
Nematospiroides dubius. Experimental Parasitology 18,
311-319.

Mercer, J. G., Mitchell, P. 1., Moar, K. M., Bisset, A.,
Geissler, S., Bruce, K. and Chappell, L. H. (2000)
Anorexia in rats infected with the nematode,
Nippostrongylus brasiliensis: experimental
manipulations. Parasitology 120, 641-647.

Miller, G., Dunn, G., Reid, T., Ogden, 1. and
Strachan, N. (2005). Does age acquired immunity
confer selective protection to common serotypes
of Campylobacter jejuni? BMC Infectious Diseases
5, 66-70.

Mitchell, G. and Prowse, S. J. (1979). Three
consequences of infection with Nematospiroides dubius in
three inbred strains of mice. Journal of Parasitology 65,
820-822.

Murray, M. J. and Murray, A. B. (1979). Anorexia of
infection as a mechanism of host defense. American
Fournal of Clinical Nutrition 32, 593-596.

NRC (1995) Nutrient Requivements of Laboratory Animals,
4th revised Edn. National Academy Press, Washington
D.C., USA.

Rauw, W., Kanis, E., Noordhuizen-Stassen, E. N.
and Grommers, F. J. (1998). Undesirable side effects

https://doi.org/10.1017/50031182009006428 Published online by Cambridge University Press

1055

of selection for high production efficiency in farm
animals: a review. Livestock Production Science 56,
15-33.

Sandberg, F. B., Emmans, G. C. and Kyriazakis, I.
(2006). A model for predicting feed intake of growing
animals during exposure to pathogens. Fournal of Animal
Science 84, 1552-1566.

Shi, H. N., Koski, K. G., Stevenson, M. M. and Scott,
M. E. (1997). Zinc deficiency and energy restriction
modify immune responses in mice during both primary
and challenge infection with Heligmosomoides polygyrus
(Nematoda). Parasite Immunology 19, 363-373.

Slater, A. and Keymer, A. (1988). The influence of
protein deficiency on immunity to Heligmosomoides
polygyrus (Nematoda) in mice. Parasite Immunology 10,
507-522.

Stien, A., Dallimer, M., Irvine, R. J., Halvorsen, O.,
Langvatn, R., Albon, S. D. and Dallas, J. F. (2005).
Sex ratio variation in gastrointestinal nematodes of
Svalbard reindeer; density dependence and implications
for estimates of species composition. Parasitology 130,
99-107.

Tu, T., Koski, K. G., Wykes, L. J. and Scott, M. E.
(2007). Re-feeding rapidly restores protection against
Heligmosomoides bakeri (Nematoda) in protein-deficient
mice. Parasitology 134, 899-909.

Vagenas, D., Bishop, S. C. and Kyriazakis, 1. (2007). A
model to account for the consequences of host nutrition
on the outcome of gastrointestinal parasitism in sheep:
model evaluation. Parasitology 134, 1279-1289.

van Houtert, M. and Sykes, A. R. (1996). Implications of
nutrition for the ability of ruminants to withstand
gastrointestinal nematode infections. International
Fournal for Parasitology 26, 1151-1167.

Wahid, F. N. and Behnke, J. M. (1992). Stimuli for
acquired resistance to Heligmosomoides polygyrus from
intestinal tissue resident L3 and L4 larvae. International
FJournal for Parasitology 22, 699-710.

Williams, J. L. (2005). The use of marker-assisted
selection in animal breeding and biotechnology. Revue
Scientifique et Technique-Olffice International des
Epizooties 24, 379-391.

Zaralis, K., Tolkamp, B. J., Houdijk, J. G. M., Wylie,
A. R. G. and Kyriazakis, I. (2008). Changes in food
intake and circulating leptin due to gastrointestinal
parasitism in lambs of two breeds. Fournal of Animal

Science 86, 1891-1903.


https://doi.org/10.1017/S0031182009006428

