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Abstract
The behaviour and physiology of lambs with gastrointestinal nematode infections (GIN) was evaluated. Thirty 8-month-old 
Romney wethers were assigned to one of two treatments (n=15/treatment) trickle dosed with either 1500 infective third stage 
larvae 3 days/week for 6 weeks (27,000 total L3; challenged), or water 3 days/week for 6 weeks (control). Blood and faecal 
samples were collected weekly during the study. Lipidomics were performed on plasma samples. Behaviour was observed from 
video-camera recordings once weekly over the study. At treatment week 4, specific triglycerides were elevated in the challenged 
lambs compared to controls (P≤0.05). Faecal egg counts were higher in challenged than control lambs from treatment week 4 (154 
epg; P≤0.001). Challenged lambs had higher standing bouts at week 4 than baseline (5.6 bouts) whereas there were no differences 
in standing bouts for control lambs between baseline and week 4. Triglycerides and standing behaviour show promise for early 
identification of GIN.
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Introduction
Gastrointestinal nematode (GIN) parasitism has

negative effects on the production, health and welfare 
of livestock worldwide (Fox 1997, Mavrot et al. 2015). 
Parasitic infection with GIN can cause anorexia, diarrhoea, 
anaemia, or parasitic gastroenteritis (Craig 2018, Fox 
1997), which can result in reduced milk yield, weight gain 
and wool production (Mavrot et al. 2015); however, the 
effect of GIN on lamb welfare is not well understood.

Behaviour and physiological parameters are often used 
to assess animal welfare. Sheep infected with GIN can show 
a reduction in activity over 42 days after infection (Ikurior 
et al. 2020), which may be an attempt to conserve energy 
to fight the infection. Metabolomics, which identifies and 
quantifies metabolites (e.g., amino acids, lipids), has useful 
application in detecting metabolic biomarkers that fluctuate 
in response to a disease (Dunn & Ellis 2005). Identification 
of disease biomarkers can allow early intervention prior 
to clinical signs. Metabolomic studies in livestock have 
mainly been performed in cattle, with few studies in sheep 
(Goldansaz et al. 2017). Changes in the metabolome may 
indicate GIN infection (Athanasiadou & Huntley 2008). To 
our knowledge, metabolomic studies on sheep with GIN 
have not yet been performed.

The objective of this study was to evaluate the 
behavioural and physiological changes in lambs associated 
with a mixed GIN infection.

Materials and Methods
This study was approved by the Ruakura Animal

Ethics Committee (Protocol number 15315) and conducted 
at an indoor animal facility at AgResearch Grasslands, 
Palmerston North from May to July 2021. The study 
comprised a 2-week pre-treatment and 6-week treatment 
phase.

Animals and Housing
Thirty 8-month-old Romney wethers were housed 

in pens within a custom-built animal shed. Lambs were 
contained in pens (n=10 lambs/pen) with plastic slatted 
flooring. Each pen contained a water trough and three 
feeders. 

Lambs were fed twice daily at 1.5 times maintenance 
with a mix of Fibre Mix® (containing lucerne, whole oat 
plant, and cured molasses; Fibre Fresh Feeds, Reporoa, NZ) 
and lucerne pellets (Wenham Grain and Seed, Palmerston 
North, NZ) as part of routine indoor feeding practice for the 
animal facility. The pens and troughs were cleaned daily to 
reduce risk of parasite transmission between animals. 

Experimental Design
This study used a pair-wise comparison within a 

randomized block design, where each pen was blocked by 
treatment. Within each pen there were 5 pairs of animals, 
and each pair comprised a challenged and control animal.

Animals were randomly assigned to one of two 
treatments (n=15/treatment); either trickle dosed with: 
1,500 infective third stage larvae (L3) three days weekly 
for 6 weeks (27,000 total L3; challenged), or water three 
days weekly for 6 weeks (control).  

Parasites
Parasites used in this study were cultured from 

faeces collected from known drench-susceptible farms. 
Challenged lambs received approximately 10 mL of water 
containing 3,000 L3 larvae dosed per os by syringe at each 
dose. Control animals were dosed with approximately 10 
mL of tap water at each dose. Challenged lambs were dosed 
with Haemonchus contortus (58%), Cooperia curticei 
(19%), Teladorsagia circumcincta (8%) and other species 
of lesser proportions (totalling 15%).
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Parasitology
Individual faecal samples were sampled per rectum 

and stored at 5°C until processing within two days of 
collection. Samples were collected weekly over the study. 
The number of strongylid species eggs present in the 
samples was determined using an automated FEC system 
(Parasight®, Lexington, KY), which has a level of detection 
of 7 eggs per gram (epg). 

Blood Sampling
Blood samples were collected by jugular venepuncture 

at 9:00 am weekly over the study (at the same time of day 
across sampling) into EDTA tubes (Becton Dickinson, 
Franklin Lakes, NJ). The same experienced operator 
sampled each animal and processed the blood samples. 
Samples were centrifuged at 2,000 × g for 15 min at 4°C. 
Plasma was immediately separated into cryogenic tubes 
and then stored at –80°C until analysis. Samples were 
transferred to AgResearch Lincoln Research Centre for 
determination of metabolites.

LC-MS lipidomics analysis
Lipids were detected using a Shimadzu LCMS 9030 

LC-qTOF mass spectrometer. A Waters Acquity CSH C18 
column (1.7 µm particle size, 2.1 x 100 mm ID) was used 
for separation at 65°C and eluted over a 17 min gradient 
with a flowrate of 400 μL min-1. The autosampler was 
held at 20°C and 2 µL of extract was injected onto the 
column. The mass spectrometer acquired data in ‘full scan’ 
mode between m/z 50 and 1200, and in data independent 
acquisition MS/MS mode across the same range in 20 m/z 
windows to acquire fragmentation data on all lipids, with a 
collision energy ramp from 6 to 23 eV. Loop time for the 
MS method was 0.5 s.

Data were converted into mzML format and processed 
using MS DIAL (Tsugawa et al. 2015). Identification was 
based on matching against the Lipidmaps database (Sud 
et al. 2007) in MS DIAL and checking against known 
retention time windows for individual lipid classes.

Behaviour Monitoring
Each animal was individually marked with stock 

marker. Behaviour was continuously recorded using 
cameras that recorded at 20 frames/s. Video-recordings 
were made during daylight hours and were analysed using 
scan sampling every 5 min for 8 h from 8:30 h to 16:30 
h. Behaviour was assessed once weekly. The ethogram of 
behaviours that were evaluated included feeding, drinking, 
standing and lying. 

One experienced observer analysed the video-
recordings and remained blind to the treatment each lamb 
received. The behaviour of each animal was recorded into 
a spread sheet. 

Statistical Analysis
Data was analysed using Genstat software and 

residuals were inspected for departures from the model 
assumptions of normality and constant variance. 

For lipidomics, data were normalized based on the 

LOWESS algorithm in MS DIAL and exported for manual 
curation (checking for duplicate identifications, merging 
adducts with the same feature ID, data quality checking) 
before multivariate statistical analyses using SIMCA 16 
(Umetrics, Umeå, Sweden). Statistical analyses were 
principal components analysis and orthogonal projection 
to latent structures discriminant analysis (OPLS-DA). 
Differences between groups for individual lipids and lipid 
classes were determined using two-tailed t-tests. 

Response variables including FEC and frequencies of 
behaviours with more than 200 observed occurrences were 
analysed using a linear mixed model fitted by restricted 
maximum likelihood. Fixed effects included treatment, 
date, and the treatment by date interaction. The random 
model included pen, lamb pair within pen and lamb 
identification number. The correlation between data on the 
same lamb over time was modelled using a power model of 
order 1. Differences between and within treatments were 
compared using Unprotected Fisher’s Least Significant 
Difference test. The level of significance was set at P≤0.05.

Results
FEC

There was a treatment by date interaction observed 
between treatments (P≤0.001) for FEC (Table 1). Four 
weeks after treatment began, FEC were higher in the 
challenged than control lambs. FEC remained higher in 
challenged than control lambs (P≤0.05) until week 6 of 
treatment. Raw FEC data ranged from 0 to 748 epg for 
challenged lambs and 0 to 20 epg for control lambs over 
the study.

Lipidomics
Based on multivariate modelling, differences between 

challenged and control lambs began to emerge 4 weeks after 
treatment began (Table 2). Most of the lipid changes were 
for triglycerides, which were elevated in the challenged 
lambs compared to controls (P≤0.05). 

Differences that were consistent across more than 
two time points, were ether triglyceride TG-O-61:13 and 
triglycerides TG 57:1 at weeks 2, 5 and 6, ether triglyceride 
TG-O-59:15 and TG-O-59:13 and triglycerides TG 53:3, 
TG 56:6, TG 56:8, TG 57:4, TG 57:7 TG 58:7, TG 58:8, 
TG 58:9 at weeks 4, 5 and 6, ether triglyceride TG-O-57:10 
at week 2, 4 and 6, and triglyceride 56:1 at weeks 2, 4, 5 
and 6.

Table 1 Mean fecal egg counts (epg) of lambs either trickle 
dosed with: 1,500 infective third stage larvae three days 
weekly for 6 weeks (27,000 total L3; challenged), or water 
three days weekly for 6 weeks (control). SED = 33 epg. 
* denotes significant differences between Challenged and 
Control lambs at P ≤ 0.05.
Week –2 –1 1 2 3 4 5 6
Control 0.9 0.0 1.7 3.1 0.9 1.4 0.5 1.4
Challenged 0.0 0.5 0.0 0.9 48.5 155.1* 118.9* 184.0*
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Behaviour
There was a treatment by time interaction (P=0.04) for 

standing. Control lambs performed more standing bouts in 
weeks 1, 2 and 3 of treatment compared with pre-treatment 
(P≤0.05); standing bouts returned to baseline levels from 
week 4 of treatment until the end of the study (P>0.05). 
Challenged lambs performed more standing bouts during 
weeks 1, 2, 3 and 4 of treatment compared to pre-treatment 
(P≤0.05). Six weeks after treatment began, challenged 
lambs were observed standing less often compared with 
baseline values (P≤0.05), whereas control lambs showed 
no difference in standing frequency between these dates 
(P>0.05). Overall, there were no significant differences in 
standing behaviour between challenged and control lambs 
(P>0.05).

There was no treatment by date interaction for lying 
(F6,132=1.41; P=0.22), feeding (F6,168=0.64; P=0.70) or 
drinking (F6,129=0.63; P=0.71).

Discussion
The objective of this study was to evaluate the 

behavioural and physiological changes in lambs associated 
with a mixed infection of GIN. Challenged lambs showed 
elevated triglycerides compared with controls at week 4 of 
treatment. Challenged lambs had higher FEC than controls 
from week 4 of treatment. Standing was performed more 
often in challenged lambs compared to baseline levels 
from week 4 of treatment. Together these results provide a 
clear timeline of signs of GIN in lambs and also highlight 
potential indicators of early-stage disease associated with 
GIN in lambs for further investigation. 

Specific triglycerides were elevated in challenged 
compared to control lambs, which may serve as potential 
biomarkers of sickness associated with GIN, which 
should be investigated further. Most metabolomic studies 
of livestock have been carried out for disease detection, 
production and bioproduct assessment, feed efficiency and 
reproduction (Goldansaz et al. 2017); yet there appears to 
be no metabolomic studies on common diseases of sheep. 

Detection of disease associated with GIN parasitism prior 
to clinical signs being observed could allow for treatment to 
be carried out earlier, improving animal health and welfare 
outcomes and informing management decisions. 

Altered behaviour is often the first indicator of parasitic 
disease (Högberg et al. 2021); however, due to the often 
highly variable nature of behaviour of individuals, this was 
not clear in the present study. Challenged lambs appeared 
to stand more often than controls at 4 weeks after infection 
began, which contrasts with other research. Overall activity 
(including grazing, movement) was reduced in naturally 
parasitised lambs measured using triaxial accelerometers 
over a 4-day period compared to lambs treated with an 
anthelmintic (Ikurior et al. 2020). Increased standing may 
indicate discomfort as larvae mature to adults and begin 
feeding on blood/mucosa. However, challenged lambs did 
stand less often than controls at week 6 of treatment, which 
may indicate lethargy associated with advanced infection. 

An obvious limitation of using metabolomic evaluation 
compared with faecal egg counts is the vast difference in 
cost for each service, which may limit its use on farm. 
However, this research is in its infancy and highlights 
novel tools that with further development, can provide new 
diagnostic capabilities and greater understanding and of the 
impact of parasites on animal health and welfare. 

Conclusions
We have provided a timeline of fluctuations in 

triglycerides and behaviour (e.g. standing), which show 
promise for use in early identification of GIN parasitism 
in lambs. 
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