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SUMMARY

We hypothesized that expression of immunity to gastrointestinal nematodes and its relationship with dietary metabolizable
protein (MP) supply in ewes depended on body protein- but not on body fat reserves. T'win-bearing ewes were trickle
infected with Teladorsagia circumcincta. Three mid-pregnancy feeding treatments were used, calculated to maintain body
reserves (HH), maintain body protein- and lose body fat reserves (HL), or lose body reserves (LLL.), and followed by 2 iso-
energetic, periparturient feeding treatments, calculated to provide either scarce (LLP) or adequate (HP) amounts of MP.
At the end of the mid-pregnancy feeding treatment, HL.- and LL.-ewes had a smaller backfat depth (~ body fat reserves)
than HH-ewes, and LLL.-ewes had a smaller muscle depth (~ body protein reserves) and higher faecal egg counts (FEC)
than HH- and HL-ewes. Overall, LLL.-ewes had higher periparturient FEC than HH- and HL-ewes, and LP-ewes had
higher periparturient FEC than HP-ewes. However, LLL.-ewes offered the LLP feed had higher periparturient FEC than
ewes on any of the other combinations of feeding treatments. Feeding treatments affected plasma pepsinogen but not
plasma IgA. The results support the view that body protein- but not body fat reserves may overcome consequences of

dietary MP scarcity on periparturient breakdown of immunity to gastrointestinal nematodes.
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INTRODUCTION

A breakdown of immunity to gastrointestinal nema-
todes often occurs in reproducing ewes, especially
around parturition, resulting in an increased number
of adult nematodes in the ewe, and hence an
enhanced nematode egg excretion and rise of pasture
contamination and infectivity for young lambs
(Heath & Michel, 1969). Various hypotheses have
been put forward to account for the occurrence of
periparturient breakdown in immunity, including
seasonal effects, stress at parturition, lack of antigenic
stimulation and hormonal depression of immunity
(Barger, 1993), but the phenomenon remains poorly
understood.

Recently, a nutrient partitioning framework has
been developed, which puts forward a nutritional
hypothesis as the basis for the breakdown of
immunity (Coop & Kyriazakis, 1999). The principles
of the framework are drawn from the idea of
evolutionary fitness, and have been developed in
consistency with what animals would be trying to
achieve in terms of survival and reproductive fitness,
at times of scarce nutrient supply. The framework
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postulates that the expression of acquired immunity
to gastrointestinal parasites has a lower partial
priority than the reproductive effort, for the al-
location of scarce nutrients such as metabolizable
protein (MP). Many components of the immune
system are proteinaceous in nature and are expected
to draw on MP resources (MacRae, 1993). There-
fore, it has been hypothesized that periparturient
breakdown in immunity occurs due to a scarce
supply of MP at times of increasing demand for MP.
In agreement with this hypothesis, recent work
shows that an increased dietary MP supply can
reduce faecal egg counts (FEC) of parasitized,
periparturient ewes (Donaldson, Van Houtert &
Sykes, 1998; Kahn et al. 1999; Houdijk et al. 2000).

Mammals can mobilize up to 259, of their body
protein to enhance lactational performance, when
the latter is penalized by scarce protein supply from
the diet (Jessop, 1997). Part of the body protein could
therefore be regarded as body protein reserves. The
MP derived from body protein reserves can be
expected to be allocated to bodily functions in much
the same way as scarce MP from dietary origin. The
majority of the mobilized MP would be allocated to
the reproductive effort, though some of the
mobilized MP can be expected to be allocated to the
immune system. Thus, the MP supply from the
body protein reserves may complement dietary MP
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supply at times of MP scarcity, and reduce the
magnitude of the periparturient breakdown in im-
munity.

Body fat reserves may complement dietary meta-
bolizable energy (ME) supply, at times of ME
scarcity. However, body fat reserves are unlikely to
affect breakdown in immunity; changes in ME
supply do not seem to affect the expression of
immunity to gastrointestinal nematodes (Bown,
Poppi & Sykes, 1991; Donaldson et al. 1998), and
decreased body condition per se did not affect the
extent of periparturient breakdown in immunity
(Donaldson et al. 1998). Therefore, we tested the
hypotheses that body protein- but not body fat
reserves affect expression of immunity to gastro-
intestinal nematodes, and that the magnitude of
response to an increased dietary MP supply on the
periparturient breakdown of immunity depends on
body protein reserves of the ewe.

MATERIALS AND METHODS
Animals and housing

Border Leicester x Scottish Blackface (Greyface)
ewes mated to Texel rams were used. They were
injected with doramectin (Dectomax™, Pfizer,
Sandwich, UK), at a rate of 0-3 mg per kg body
weight, when moved to the tupping pasture (early
November 1998). The pasture consisted of perennial
ryegrass and clover and had been grazed by dairy
cows in the preceding summer. Grass height was
kept at 4 cm or above. The ewes grazed this pasture
until 82 days before the expected lambing date (day
—82), at which time their litter size were assessed via
ultrasonic scanning. Sixty, second to third parity,
twin-bearing ewes were identified and used in this
experiment. These ewes were drenched with leva-
misole (Nilverm Gold, Schering-Plough, Oxbridge,
UK) at a rate of 75 mg per kg body weight to
remove residual worm burdens, and then remained
indoors until the end of the experiment. They were
housed as a group until day —77 and individually
from day —77 until day 42 of lactation (day 42), as
described previously (Houdijk et al. 2000). Each ewe
had access ad libitum to water, a feeding bin for hay
and a feeding bin for pelleted feeds (see below). The
feeding bins were raised above floor level to minimize
access for the lambs, who did not receive creep feed.

Experimental diets

The allowances of the experimental feeds were
calculated to provide a certain amount of MP and
ME in relation to requirements (AFRC, 1993). For
the pregnant ewe, we assumed a litter birth weight of
10-3 kg, no maternal body weight gain and
143 g/day MP for wool growth; for the lactating
ewe, we assumed a milk production of 2-7, 3-1, 3-5,
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3-5, 3-2 and 29 kg/day for week 1 to week 6 after
parturition, respectively, a mean body weight loss of
100 g/day over this period, and 10-2 g/day of MP for
wool growth.

Three mid-pregnancy diets were used in the
experiment: the HH-, HL.- and LIL-diet (Table 1).
The restricted allowance of the HH-feed was
calculated to supply 1-3 and 1-2 times the require-
ments of MP and ME respectively, and expected to
maintain body protein- and fat reserves. The
restricted allowance of the HL.-feed was calculated to
supply 1-2 and 0-8 times the requirements of MP and
ME, respectively, and expected to maintain body
protein reserves and to reduce body fat reserves. The
LIL-diet initially consisted of a single feed, a poor
quality hay, and was offered ad libitum. During each
morning feeding, a vitamins—mineral mixture was
sprinkled on the LL-diet to similar
allowances of vitamins, Ca, P and trace mineral
between the diets. The estimated intake of the LL-
feed (AFRC, 1993) was calculated to supply 0-7
times the requirements of both MP and ME, and
expected to reduce body protein- and fat reserves.
However, after 32 days of feeding, we realized that
the estimated intake, and thus expected level of MP
and ME supply, would not have been reached by the
end of the mid-pregnancy feeding treatments. In
addition, the lower than expected ME intake would
have made the ewes liable to develop pregnancy
toxaemia. Therefore, we offered these ewes the LL.-
new feed for the remainder of the mid-pregnancy
feeding period (Table 1). The restricted allowance of
the LL.-new feed was calculated to provide 0-7 times
the requirements for both MP and ME. We have
considered a fourth mid-pregnancy feed, which
would reduce body protein reserves only. This feed
would have had such a low protein content that
normal rumen function can be expected to be
penalized. As a result, feed intake and thus the
supply of ME would be reduced. This would result
in reducing rather than maintaining body fat
reserves.

Following the mid-pregnancy feeds, 2 peri-
parturient diets were used: the LLP- and HP-diet
(Table 1). The restricted allowances of the LLP- and
HP-feeds were calculated to supply 0-8 and 1-3 times
the requirements of MP, respectively. All peri-
parturient allowances were calculated to supply 0-9
times the requirement of ME. The small deficit in
ME intake common to all periparturient allowances
was not expected to affect the outcome of the
experiment (Bown et al. 1991; Donaldson et al.

1998).

ensure

Experimental design

The ewes were offered ad libitum the low quality hay
until the experiment started (day —65). This

experiment was designed as a 3x2 factorial,
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Table 1. Ingredients and chemical analysis of the mid-pregnancy- and periparturient feeds

(‘The mid-pregnancy diets were fed from day — 65 to day — 21, relative to parturition (day 0); the periparturient diets were
fed from day —21 to day O (late pregnancy) and from day O to day 42 (lactation).)

Experimental diets

Periparturient diets

Mid-pregnancy diets* Late pregnancy Lactation
HH HL LL LL-new LP HP LP HP
Ingredients (g/kg fresh)
Hay (poor quality) 500 600 1000 700 350 350 350 350
Wheat 355 198 213 269 302 285 305
Sugar beet pulp 75 45 261 70 236
Oatfeed 19 35 11
Molasses 20 20 12 33 33 33 33
Soypasst 37 158 153
Soy beanmeal 89 21 13 98
Urea 11 7 12 16
Fats 8 7 5 57 48 47 35
Minerals + vitamins 12 14 7 18 18 21 26
Analysis and calculated metabolizable protein (g/kg fresh) and metabolizable energy (M]/kg fresh)
Dry matter 871 863 849 863 885 889 897 895
Crude protein 123 142 56 96 126 175 143 204
Neutral detergent fibre 449 512 715 556 377 379 366 347
Metabolizable energy 9-0 85 68 81 10-3 10-3 10-0 10-0
Metabolizable protein] 65 80 40 56 68 107 78 129

*Diet LL-new from day —33 to day —21 (see Materials and Methods section).

T Xylose treated soy beanmeal.

1 Predicted from feed tables, assuming a rumen outflow rate of 0-05/h and 0-08/h for the pregnant- and lactating ewes,

respectively (AFRC, 1993).

mid-pregnancy period periparturient period

5 HP
HH 4

; LP

: HP
HL e

: LP
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LL /

LP
l start of trickle infection

70 56 42 28 14 0 14 28 42
time from parturition (days)
Fig. 1. The experimental 3 x 2 factorial design. Sixty
twin-bearing- and -rearing ewes were trickle infected
with 10000 L, Teladorsagia circumcincta per day for
three days per week from day — 65 onwards (arrow).
They were fed to maintain body reserves (HH),
maintain body protein- and lose body fat reserves (HL)
or lose body reserves (LLL.) during mid-pregnancy
(n = 20). Each feed was followed by either scarce (LLP)
or adequate (HP) metabolizable protein during the
periparturient period (z = 10). The dotted line indicates
the end of the mid-pregnancy period and the start of the
periparturient period (day —21).

resulting in 6 experimental groups (Fig. 1). The

sheep were fed HH, HLL and LL between day —65
and day —21 (mid-pregnancy feeding period) fol-
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lowed by HP or LLP between day —21 and day 42
(periparturient feeding period).The first allowance
of the mid-pregnancy feeds and the periparturient
feeds was based on the body weight at day —71. The
first allowance of the periparturient diet during
lactation was based on the post-lambing body weight
and offered on the first morning after lambing.

The 60 ewes were allocated to the 6 experimental
groups as follows. Ewes were stratified on the basis
of body weight at day —82 and divided into 10
weight classes of 6 ewes each. The 6 ewes within each
of these classes were randomly allocated to 1 of the 6
experimental groups (7 = 10). The mean +s.E. body
weight and condition score were 76:0+0-60 kg and
3:15+0-04, respectively, at the start of the ex-
periment.

Infection details

The ewes were expected to have previous experience
to gastrointestinal nematodes from field infections
prior to housing. Throughout the experiment, all
trickle infected with Teladorsagia
(Ostertagia) circumcincta at a rate of 10000 L, per
day, 3 days per week, starting at day —65. Such a
rate has been shown to lead to an acceptable

ewes were

establishment of a patent 7. circumcincta worm
burden in periparturient ewes (LLeyva, Henderson &
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Sykes, 1982). The isolate of T. circumcincta used,
Moredun Ovine Susceptible Isolate, has been main-
tained in the laboratory for about 7 years.

Measurements

The ewes were weighed weekly starting at housing,
as well as within 12 h after parturition. The lambs
were weighed within 12 h after parturition and then
weekly thereafter. The ewe condition score was also
measured weekly, by lumbar palpation on a scale
from 0-5 and to an accuracy of a quarter (Russel,
Doney & Gunn, 1969). Since the lambs did not
receive creep feed, lamb body weight and daily
weight gain could be used to calculate milk pro-
duction (Robinson, Foster & Forbes, 1969). The
muscle- and backfat depth of the ewes was estimated
using ultrasound scanning (Glasbey, Abdalla &
Simm, 1996). This was done at day —85 (housing)
and then approximately at 14 day intervals during
mid-pregnancy, and on day 14, day 28 and day 42,
during lactation.

The pelleted concentrates and hay were sampled
whilst preparing the daily allowance and analysed for
dry matter, crude protein, and neutral detergent
fibre. Feed refusals were expected to be minimal
since most diets were offered restrictedly. Refusals
that did occur were collected every morning,
weighed and analysed for dry matter. This was done
to calculate the achieved intake of dry matter, MP
and ME.

Fresh faecal samples were taken directly from the
rectum of the ewes from day —51 onwards, weekly
during the mid-pregnancy feeding treatments and
twice weekly during the periparturient period, as
well as within 12 h after parturition. The samples
were analysed for faecal egg counts (FEC) according
to a modified flotation method (Christie & Jackson,
1982), using polyallomer centrifuge tubes to collect
the nematode eggs from the meniscus. The FEC
were expressed as number of eggs per gram fresh
faeces (epg), and the technique used can detect
nematode eggs down to 1 epg.

Blood samples from the ewes were taken from the
jugular vein into heparinized vacutainers, weekly
from day —58 onwards and within 12 h after
parturition. The blood samples were centrifuged for
20 min at 2060 g, and the separated plasma stored at
—20 °C pending analysis for total protein, albumin,
urea and pepsinogen as described previously
(Houdjijk et al. 2000). Plasma pepsinogen concen-
tration was expressed in mU (umoles tyrosine
released per minute per litre of plasma x 1000).
Globulin was calculated as total protein minus
albumin. In addition, plasma samples were prepared
and analysed for IgA antibodies against somatic 1.3
antigens of 7. circumcincta as described previously
(Huntley et al. 1998). However, a modified enzyme-
linked immunosorbent assay was used. Following
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incubation of 50 ul of the test sample in wells coated
with L, antigen (10 gg/ml) for 1h, wells were
incubated with 1/2000 diluted mouse anti-bovine
IgA for 1 h (Serotec, Oxford), 1/1000 diluted goat
anti-mouse biotin for 1h and 1/4000 diluted
streptavidin—-HRP for 30 min (Dako, Glostrup,
Denmark). Number of washings, developing colour
reaction and measuring the optical density at 492 mm
(OD,y,) were as originally described (Huntley et al.
1998).

Statistical analysis

The mid-pregnancy feeding period ended on 16
March 1999. This date was, on average, 21 days
before lambing (day —21) and the observations
during the 6-week mid-pregnancy feeding period
have been presented relative to this mean day. The
data obtained for each ewe during the periparturient
period were re-arranged from calendar date to day
relative to parturition (day 0). This was done to
account for the influence of the small differences in
parturition dates on the data obtained during the
periparturient period; mean (+S.E.) lambing date
was 6 April 1999 +1 day. The average ‘day relative
to parturition’ associated with data obtained during
the periparturient period was computed, and used to
present the results.

Repeated measures analyses of variance (split-plot
model) were performed following factorial designs.
The mid-pregnancy feeding treatment was used as
the main factor for the data obtained during the mid-
pregnancy feeding period. Mid-pregnancy feeding
treatment, periparturient feeding treatment and their
interaction were used as the main factors for the data
obtained during the periparturient period. The main
factors were tested against the error of the main-plot,
which implicitly represented the random animal
effect. Time and main factors X time interactions
were tested against the residual error. The degrees of
freedom within the split-plot were multiplied with
the Greenhouse—Geisser epsilon factor to allow more
conservative testing (Littel, Henry & Ammerman,
1998). Additional analysis of variance at each time-
point was carried out only when interactions between
feeding treatments and time were present. The data
related to late pregnancy and to lactation were
analysed separately. All statistical analyses were
performed, using Genstat (LAT, 1993).

Litter sex (338, 39 or 99) was included in the
statistical model for the analysis of litter birth weight
and litter weight gain. The body weight, condition
score and muscle- and back fat depth measured at
housing were used as covariates and contributed
significantly to the analysis of variance for these
variables during the experiment (P < 0-01). The
FEC, plasma pepsinogen concentration and IgA
OD,,, were transformed according to log (n+1) to
normalize data before statistical analysis. We have
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Table 2. Mean daily intake of dry matter (DM), metabolizable energy (ME) and metabolizable protein
(MP) of twin-bearing and -rearing ewes, infected with Teladorsagia circumcincta and offered a scarce
allowance of MP (LP) or a sufficient allowance of MP (HP) during late pregnancy and lactation, following
feeding strategies to maintain body reserves (HH), maintain body protein and lose body fat reserves (HL)

and lose body reserves (LLL.) during mid-pregnancy

Observed daily intake

Feeding treatments DM (g) ME (M]) MP (g)
P1* P2 P1 P2-pt P2-1+ P1 P2-p P2-1 P1 P2-p P2-1
HH HP 1461 1392 2557 15-2 166 29-5 110 172 381
LP 1378 2524 16-4 29-1 108 227
HL HP 1067 1348 2532 10-5 16-0 292 99 167 377
LP 1314 2457 156 283 103 221
LL HP 1168 1405 2531 9-8 167 292 58 174 377
LP 1348 2475 160 286 106 223
S.E.D. 19 35 30 02 0-4 0-3 2 3 3

*P1, mid-pregnancy (day —63 to day —21, relative to parturition); P2, periparturient period (day —21 to day 42).
1 P2-p and P2-1 were late pregnancy and lactation, respectively.

reported the least-square means and standard error
of the difference (s.E.Dn.) for the non-transformed
data. The data that required transformation are
reported as backtransformed means, which are
accompanied by the 959, confidence interval.

RESULTS
Feed intake

Table 2 shows the observed mean daily dry matter,
and calculated MP and ME intake. The refusals for
the restrictedly fed ewes were small, consisting
mainly of hay and averaged 9, 22 and 19 g/day
during mid-pregnancy, late pregnancy and lactation,
respectively. However, refusals averaged 39 g/day
across feeding treatments during the last week before
parturition; the averaged dry matter intake during
this week was 1465+18 g/d. The observed dry
matter intake, and thus the calculated ME intake, of
the HP-ewes was on average 55 g/d higher than
those of the LLP-ewes during lactation (P < 0-01).
This small difference was a direct consequence of
feeding according to body weight during lactation,
and was unlikely to affect the formal test of the
hypotheses.

Ewe and lamb performance

Table 3 presents the least square mean body weight
and condition score at the end of the mid pregnancy
period (day —21), late pregnancy (day —4) and
lactation (day 42) The HH-ewes were heavier and
had a higher condition score than the HL-ewes,
which were in turn heavier and had a higher
condition score than the LIL.-ewes at day —21. The
HH- and HL-ewes lost and the LIL-ewes gained
condition during late pregnancy, and the achieved
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differences at lambing (in terms of body weight and
condition score) were maintained over lactation. On
average, the HP-ewes were heavier than the LP-ewes
just before parturition. The HP-ewes were heavier
and had higher condition scores than the LP-ewes
during lactation but only until day 28.

Table 4 presents least square mean litter body
weight at birth, litter body weight gain and calculated
milk production. Litter sex tended to affect litter
birth weight; 99-litters weighed on average 9-3 kg at
birth and were lighter than 33- and 3%-litters, which
were 100 and 10-2 kg, respectively (S.E.D. 041,
P = 0:060). Across treatments, HP-ewes produced
heavier litters than LLP-ewes, though this tended to
be more pronounced for the HH- and LL-ewes,
and not for the HL-ewes (P = 0-056). The mid-
pregnancy feeding treatments and litter sex did not
significantly affect litter body weight gain and milk
production, but the HP-ewes produced significantly
more milk and had faster growing lambs than the
LP-ewes.

Backfat- and muscle depth

Figure 2 shows the least square mean backfat- and
muscle-depth during mid-pregnancy. At the end of
mid-pregnancy, the LL.- and HL-ewes had a smaller
backfat depth than the HH-ewes (P < 0-001), while
the LL1.-ewes had a lower muscle depth than the HH-
and HL-ewes (P < 0:001). The effect of the mid-
pregnancy feeding treatment on muscle depth per-
sisted throughout lactation but was less pronounced,
overall mean muscle depth was 251, 242 and
23:5 mm for the HH-, HL- and LL-ewes, respect-
ively (s.E.p. 055 mm, P < 0-05). Backfat depth
decreased over time during lactation (P < 0-001), but
was not significantly affected by the feeding treat-
ments; the overall mean backfat depth during
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Table 3. Least square mean body weight and condition score of twin-bearing and -rearing ewes, infected
with Teladorsagia circumcincta and fed scarce (LP) or adequate (HP) metabolizable protein during the
periparturient period, following mid-pregnancy feeding strategies to maintain body reserves (HH),
maintain body protein and lose body fat reserves (HL) and lose body reserves (LLL)

Observations
Feeding treatmentst Body weight (kg) Condition score
Mid-pregnancy Periparturient Day —21 Day —4 Day 42 Day —21 Day —4 Day 42
HH HP 866 91-4 71-0 311 2-88 2:41
LP 89-5 71-0 293 2:49
HL HP 827 866 703 2-84 274 2:24
LP 862 69-5 2:69 2-18
LL HP 756 842 662 2-34 2-59 2:24
LP 793 655 2-58 217
S.E.D. 0-78 1-35 1-59 0-098 0-138 0-129
ANOVAtL
Mid-pregnancy feeds %% %% %% *HK *EK %%
Periparturient feeds *k * N.S. N.S.
Mid-pregnancy X Periparturient feeds * N.S. N.S. N.S.
Time %% %% %% *H* * %%
Time x Mid-pregnancy feeds kK N.S. * kX * N.S.
Time x Periparturient feeds *k * N.S. HKk

1T Mid-pregnancy: day —63 to day —21, relative to parturition; periparturient period: day —21 to day 42. Body weight
and condition score at day —63 was 76:2+0-63 kg and 3-06 +0-041, respectively.

T Repeated measures analysis for the effect of time and interactions between feeding treatments and time during mid-
pregnancy (day —63 to day —21), late pregnancy (day —21 to day —4) and lactation (day O to day 42). Three-way
interactions were absent. * P < 0-05; ** P < 0-01; *** P < 0-001.

N.S., Not significant.

Table 4. Least square mean litter birth weight, litter growth and calculated milk production of twin-
bearing and -rearing ewes, infected with Teladorsagia circumcincta and fed scarce (LLP) or adequate (HP)
metabolizable protein during the periparturient period, following mid-pregnancy feeding strategies to
maintain body reserves (HH), maintain body protein and lose body fat reserves (HL) and lose body
reserves (LL)

Observations (day 0 to day 42)

Feeding treatmentst

Litter birth weight Litter body weight Calculated milk

Mid-pregnancy Periparturient (kg) gain (g/day) production (kg/day)
HH HP 10-9 648 39
LP 95 527 30
HL HP 96 627 37
LP 10-0 525 31
LL HP 99 625 37
LP 9-0 497 2-8
S.E.D. 0-52 34 0-21
ANOVAL
Mid-pregnancy feeds N.S. N.S. N.S.
Periparturient feeds * kK HkK
Mid-pregnancy X Periparturient feeds 0-06 N.S. N.S.

1+ Mid-pregnancy: day —63 to day —21, relative to parturition, and periparturient period: day —21 to day 42.

T Litter sex (33, 39 or §%) included in the statistical model; * P < 0-05; *¥** P < 0-001; P-values between 0-05 and 0-10
given in numbers.

N.S., Not significant.

lactation was 2-54+0-14 mm. However, time and respectively (s.E.D. 0-:59 mm, P < 0-05) on day 14 of
periparturient feeding treatments tended to interact lactation, and changed to similar depths of 23-7 and
for muscle depth (P = 0-:077). Mean muscle depth 234 mm, respectively by the end of the experiment
was 246 and 22:9 mm for the HP- and LP-ewes, (s.E.n. 0-59 mm, P > 0-10).
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Fig. 2. Least square mean backfat- (A) and muscle depth (B) of twin-bearing ewes, infected with Teladorsagia
circumcincta and fed to maintain body reserves (HH, []), maintain body protein and lose body fat reserves (HL, Q)
and lose body reserves (L1, @) during mid-pregnancy. The trickle infection started on day —63.

Faecal egg counts

Figure 3 shows the backtransformed FEC. Eight out
of 60 ewes had started to excrete nematode eggs by
day —49 (14 days after the start of the trickle
infection) though their FEC were very low (< 5 epg,
upper limit). There was a significant interaction
between time and the mid-pregnancy feeding treat-
ments P < 0-:001); the LlL.-ewes had higher back-
transformed mean FEC (> 80 epg) than the HL-
and HH-ewes (< 20epg), at the end of mid-
pregnancy. The FEC returned rapidly to low levels
after changing to the periparturient feeding treat-
ments (backtransformed mean < 10 epg) and were
not affected by the feeding treatments during late
pregnancy. Significant main effects were present
during lactation. The LIL-ewes had significantly
higher FEC than the HH- and HL.-ewes from day 12
onwards (P < 0-:01), and LLP-ewes had significantly
higher FEC than HP-ewes during most of the
lactation period (P < 0-05). However, time, mid-
pregnancy feeding treatment and periparturient
feeding treatment interacted during lactation, just
missing formal statistical significance (P = 0-055).
The FEC of the LL-ewes, which were fed the LP
feed during late pregnancy and lactation, increased
rapidly to higher levels than that of the other groups
of ewes. The former group of ewes had a back-
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transformed mean FEC of more than 450 epg, which
was maintained until day 26; in contrast, the
backtransformed mean FEC of the other groups of
ewes were consistently below 300 epg, and below
200 epg for the major part of the experiment. The
FEC of all groups of ewes converged by the end of
the experiment.

Plasma constituents

Plasma pepsinogen. Figure 4 shows the back-
transformed mean of plasma pepsinogen concen-
trations. The LIL.-ewes had a higher plasma pep-
sinogen concentration than the HL.- and HH-ewes,
at the end of mid-pregnancy (P < 0-05). Across
feeding treatments, LP-ewes had higher plasma
pepsinogen concentrations than HP-ewes, both dur-
ing late pregnancy (P < 0-:01) and during lactation
(P < 0-05). However, time, mid-pregnancy feeding
treatments and periparturient feeding treatments
interacted during late pregnancy (P < 0-05) and
tended to interact during lactation (P = 0-089). The
plasma pepsinogen concentration of the LP-ewes
was higher than that of the HP-ewes, at the end of
pregnancy, but only for the HL- and LL-ewes
(P < 0-05) and not for the HH-ewes. This effect
persisted throughout lactation but became less
pronounced towards the end of the experiment.
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Fig. 3. Backtransformed means of FEC and 959, CI of
twin-bearing- and -rearing ewes, infected with
Teladorsagia circumcincta and offered a scarce (LP, Q)
or adequate (HP, @) allowance of metabolizable protein
during the periparturient period, following mid-
pregnancy feeding strategies to (A) maintain body
reserves, (B) maintain body protein and lose body fat
reserves or (C) lose body reserves. The trickle infection
started on day —63.

Plasma albumin and globulin. The plasma albumin
concentration was 32-7, 32-4 and 29-3 g/1 (s.E.D. 0-68,
P < 0-001) for the HH-, HL- and LL-ewes, re-
spectively, at the end of mid-pregnancy. The LL-
ewes offered the LP diet during late pregnancy
tended to have a lower plasma albumin concentration
than the other groups of ewes, though at day —6
only (P < 0-64). Plasma albumin concentration
increased during lactation (P < 0-001), but there
were no effects of the mid-pregnancy feeding
treatments. However, the LP-ewes had lower
plasma albumin concentrations than the HP-ewes
during lactation, which averaged 32-9 and 344 g/1
respectively (s.E.D. 0-44, P < 0-001). Plasma globulin
concentration increased over time during mid-
pregnancy (P < 0-01), but was not affected by the
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Fig. 4. Backtransformed means of pepsinogen
concentration and 959, CI of twin-bearing- and -rearing
ewes, infected with Teladorsagia circumcincta and offered
a scarce (LP, Q) or adequate (HP, @) allowance of
metabolizable protein during the periparturient period,
following mid-pregnancy feeding strategies to (A)
maintain body reserves, (B) maintain body protein and
lose body fat reserves or (C) lose body reserves. The
trickle infection started on day —63.

feeding treatments; the overall mean was 362+
0-56 g/1. The plasma globulin concentration of the
HH-ewes was higher than that of the HL.- and L1-
ewes during late pregnancy, though only just before
parturition (P < 0-01). Plasma globulin concentra-
tion was not affected by feeding treatments or time
during lactation, and averaged 33:1+0-36 g/1.

Plasma wurea. The plasma urea concentration
averaged 6-2, 5-3 and 3-6 mmol/1 for the HH-, HL.-
and LlL-ewes, respectively, at the end of mid
pregnancy (S.E.D. 0-28 mmol/l, P < 0-001). Plasma
urea concentration was consistently higher for the
HP-ewes than for the LLP-ewes during late preg-
nancy ; this effect was tended to be more pronounced
for the HL- and LL-ewes than for the HH-ewes
(P = 0-055). The plasma urea concentration during
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lactation was consistently higher for the HP-ewes
than for the LP-ewes (P < 0-001). However, this
effect was more pronounced for the LL.-ewes than
for the HH- and HL-ewes. Plasma urea within the
LL-ewes averaged 9-1 and 6:0 mmol/1 for the HP-
and LP-ewes, respectively (s.E.n. 09, P < 0-001),
whilst it averaged 7-9 and 64 mmol/l (s.E.D. 09,
P < 0-05) for the other HP and LP-ewes, respect-
ively.

Plasma IgA. There were no significant effects of the
feeding treatments on plasma IgA. The overall
backtransformed mean OD,y, (959% CI) was 0-49
(0-46-0-52), 040 (0-37-0-42) and 0-27 (0-25-0-29)
during mid-pregnancy, late pregnancy and lactation,
respectively.

DISCUSSION

This study supports the view that body protein
reserves affect the extent of the breakdown in
immunity to 7. circumcincta during the peri-
parturient period. Dietary MP scarcity around
parturition resulted in a more than 3-fold increase of
FEC of lactating ewes infected with T. circumcincta
when these ewes were fed to reduce body protein-
and body fat reserves during mid-pregnancy. In
contrast, dietary MP scarcity did not seem to affect
FEC of lactating ewes which were fed to either
maintain body protein- and reduce body fat re-
serves or maintain both body reserves during
mid-pregnancy. The latter indicates that body fat
reserves are unlikely to affect the expression of
immunity to gastrointestinal nematodes, at least
within the range achieved in this study.

Backfat- and muscle depth were used as an
indicator for body fat- and protein reserves, re-
spectively. However, it is unknown to what extent
these measurements reflect total body reserves,
although significant positive correlations between
muscle depth and total carcass lean tissue, up to r =
0-55, have been observed for various breeds of sheep
(Conington et al. 1998; R. Lewis, personal com-
munication). It has been shown that MP under-
nutrition reduces the weights of a range of pro-
teinaceous body components (Sykes & Field, 1972;
Stamataris, Kyriazakis & Emmans, 1991). Therefore,
the observed decrease in the muscle depth probably
reflects a decrease of total body protein, and thus also
of body protein reserves. In addition, our results
were in close agreement with the intended mid-
pregnancy feeding treatments; ewes fed to reduce
body fat had reduced backfat thickness, whilst those
fed to reduce body protein had reduced muscle
depth.

The ultrasound measurements provided more
accurate information than condition score via
lumbar palpation, for the interpretation of the
mid-pregnancy feeding treatments. As expected,
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condition score and backfat depth were positively
correlated (r = 0-62; P < 0-001). However, condition
score and muscle depth were also positively corre-
lated (r = 0-55; P < 0-001). If condition score was
used solely to judge whether the feeding strategies
had resulted in the expected changes in body reserves,
then the outcome would have been ambiguous; at the
end of the mid-pregnancy feeding treatment, each
of the 3 groups of ewes had different condition scores.

The LL-ewes had higher FEC than the HL- and
HH-ewes during the mid-pregnancy feeding treat-
ments; FEC of the HH- and HL.-ewes were low and
did not differ. Due to the differences in observed dry
matter intake, HH-ewes were likely to have a higher
faecal output than HL.- and LL-ewes. However, it is
unlikely that the expected differences in faecal output
contributed significantly to the differences in FEC
observed; the differences in dry matter intake were
relatively small compared to the approximately 6-
fold differences in FEC. The effects of the mid-
pregnancy feeding treatments on FEC were con-
sistent with previous findings during late pregnancy
(Donaldson et al. 1998 ; Houdijk et al. 2000); they
support the view that the rise in FEC is more likely
due to MP scarcity rather than an outcome of
parturition per se. The MP scarcity was reflected in
a lowered plasma albumin concentration of the LLL-
ewes, compared to the HL.- and HH-ewes.

In contrast to the hypothesis and earlier obser-
vations (Donaldson et al. 1998 ; Houdjijk et al. 2000),
the increased intake of MP during late pregnancy did
not affect FEC; both the LP- and HP-ewes had very
low FEC. However, the observed mean lambing date
was 7 days later than expected. Therefore, the MP
requirements during late pregnancy were probably
overestimated. With hindsight, the estimated MP
requirements of the late pregnant LLP-ewes were
covered by 979, ranging from 82 to 1059,
indicating that MP was unlikely to have been scarce.
Under such situations, immunity to gastrointestinal
parasites would not be expected to be penalized
(Coop & Kyriazakis, 1999). The absence of MP
scarcity was, to some extent, reflected in an absence
of consistent effects of MP supply on plasma
albumin- and urea concentrations, but contrasted
with observed effects on litter birth weight and
plasma pepsinogen concentration.

An increased litter birth weight as a result of an
increased MP intake, in the absence of MP scarcity,
has been observed previously (Houdijk et al. 2001),
and may have resulted from excess MP supplying
other limiting nutrients for the growing foetus, such
as glucose via gluconeogenesis (Robinson, Sinclaire
& McEvoy, 1999). The HH-ewes showed a larger
effect of an increased MP intake on litter birth
weight than the HL.- and LL.-ewes. Perhaps ME was
more limiting for the HL.- and LLL.-ewes than for the
HH-ewes to exert the effect of excess MP intake on
lamb birth weight. The higher plasma pepsinogen
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concentration for the LP-ewes than for the HP-ewes
during late pregnancy, and during lactation, was
only observed in the HL- and LL-ewes. The
concentration of plasma pepsinogen increases during
the expression of immunity towards incoming L, of
T. circumcincta (Coop, Huntley & Smith, 1995;
Huntley et al. 1987). The presence of body protein
reserves in the HL.-ewes did not prevent the increase
of plasma pepsinogen, imposed by the LP-feeding
treatment. This suggests that for the HL.- and LL-
ewes, energy supply from body fat reserves may have
been limited for the restoration of abomasal wall
integrity.

In agreement with the hypothesis, the magnitude
of response to an increased dietary MP supply was
small for those ewes that were fed to maintain body
protein reserves during the mid-pregnancy period.
This suggests that MP scarcity, imposed by offering
the low MP allowance, was compensated for by MP
supply from the maternal body. The latter was also
reflected in the reduced muscle depth during
lactation compared to mid-pregnancy levels for those
ewes fed to maintain body protein during mid-
pregnancy. The ewes that lost body protein during
mid-pregnancy had similar muscle depth during
lactation compared to the end of the mid-pregnancy
period.

Expression of immunity to gastrointestinal nema-
todes results in decreased establishment and arrested
development of incoming larvae, decreased fecundity
and enhanced expulsion of the adult worm burden
(Barnes & Dobson, 1993). Our experiment was not
designed to determine which mechanism, or
mechanisms, was affected, causing elevated FEC of
the LL-ewes, fed the LP feed. However, it is
possible that humoral immune responses to in-
coming larvae may not have been affected; the
feeding treatments did not affect plasma IgA,
directed against L, antigens. Previous observations
support this view. Lactating ewes were equally
susceptible to larval challenge with Haemonchus
contortus than non-reproducing ewes ( Gibbs &
Barger,1986). Lactating ewes that were previously
fed to maintain or reduce maternal body weight and
body condition were equally susceptible to larval
challenge with T. circumcincta (Donaldson et al.
1998).

The HH- and HL-ewes would have mobilized
more MP from their body protein reserves than the
LIL-ewes, when they were fed the periparturient LLP-
feed. The majority of this MP would have been
expected to be allocated to the penalized milk
production of the LLP-ewes. Indeed, calculated milk
production of the HH- and HL-ewes fed the LP-
feed, was on average 0-3 kg/d more than that of the
LL-ewes fed the LP-feed. However, this difference
was small and not significant; the effect of body
protein reserves on milk production may have been
limiting due to the scarce amount of ME. Thus, the
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remaining MP from body reserves was likely directed
to expression of immunity, which depends to a lesser
extent on ME supply (Bown et al. 1991; Donaldson
et al. 1998). The above would at least partially
account for the lowered FEC of the HH- and HL-
ewes compared to the LL-ewes, when fed the LP-
feed. Whether these assumed effects of body protein
reserves maintain at times of ME abundancy remains
to be tested.

The degree of periparturient breakdown in im-
munity and the magnitude of response to an
increased MP supply in our previous studies
(Houdjijk et al. 2000, 2001) have been lower than
observed in New Zealand Coopworth ewes
(Donaldson et al. 1998). It has been suggested that
this may have been due to some extent to differences
in body reserves of the ewes (Houdijk et al. 2000).
The present study supports this view; in contrast to
the HH- and HL-ewes, the approximately 809,
reduction in FEC of the LLL-ewes, in response to an
increased MP supply, agrees with an approximately
859, reduction in FEC in mixed infected, relatively
small and poor-conditioned ewes offered fishmeal
supplemented feeds (Donaldson et al. 1998). Ap-
parently, body size, body condition and specific
body reserves are important factors to consider when
comparing and predicting effects of an increased MP
supply on breakdown in immunity to gastrointestinal
nematodes.

The FEC of the LL.-ewes offered the LP allowance
converged to the same levels of the other 5 groups by
the end of the experiment. This suggests that MP
supply from the LP-feed may have become less
scarce during the last 2 weeks of the experiment
compared to the first 4 weeks of lactation. The lower
degree of MP scarcity of the LLP-allowance during
the last part of the experiment was supported by a
diminishing difference in body weight, condition
score, muscle depth, and calculated milk production
between the LP- and HP-ewes. In addition, the
calculated mean milk production achieved from day
28 onwards was as expected, whilst it was under-
estimated (+40-3 kg/d) during the first part of
lactation. This further supports the view that MP
was relatively less scarce for the LLP-ewes in the
second part than in the first part of lactation.

The absence of significant nutritional effects on
plasma IgA is in agreement with other observations
(Houdjijk et al. 2001), and there were no significant
correlations between plasma IgA and FEC in this
study. It was argued above that the absence of
nutritional effects on IgA might indicate that the
immune response to incoming larvae was not
affected. Local IgA responses in growing immune
lambs were negatively correlated with worm fec-
undity (Stear et al. 1995). To some extent, the
difference between the types of antigen used makes a
fair comparison between results difficult. However,
it could also be that changes in local mucosal humoral
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immunity are involved in breakdown in immunity
but the reflection in plasma may be less informative.
This would be consistent with the absence of a
strong association between IgA responses in the
mucus and the plasma of growing lambs, infected
with T'. circumcincta (Sinski et al. 1995). In addition,
in periparturient ewes, IgA is transported from the
abomasum to the mammary gland (Beh, Watson &
Lascelles, 1974). Thus, observed plasma IgA levels
may also reflect the level of transfer rather than levels
in the abomasum. This also complicates the in-
terpretation of any associations between FEC and
plasma IgA in periparturient ewes.

In conclusion, this study showed that body
protein- but not body fat reserves affect expression
of immunity to 7. circumcincta, and that the
magnitude of response to an increased dietary
metabolizable protein supply on the breakdown of
immunity to 7. circumcincta is greater when less
body protein reserves are present in periparturient
ewes. These outcomes support the view that sheep
feeding strategies may be exploited to lower the
dependency on chemoprophylaxis for reducing pas-
ture infectivity; protein supplementation to ewes
with compromised body protein reserves would
limit the nematode egg output. Future studies on
nutritional effects on the immunological basis for the
occurrence and magnitude of periparturient break-
down in immunity should focus on local cellular and
humoral immune responses.
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