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Abstract
For this study, threonine (Thr) deficiency was hypothesised to exacerbate the intestinal damage induced by feed withdrawal with coccidial
infection because of its high obligatory requirement by the gut; two dietary Thr treatments (0·49 and 0·90%) were applied to chicks from 0 to
21 d of age. At 13 d of age, feed was withdrawn for 24 h from one-half of birds of each dietary treatment with subsequent gavage of a
25× dose of coccidial vaccine. Overall, there were four treatments with eight replicate cages per treatment. Under combined challenge, birds
fed the Thr-deficient diet had 38% lower 13–21-d body weight gain (P≤ 0·05) compared with birds fed the Thr-control diet. At 21 d, the
challenged group fed low Thr had higher number of oocysts (+40%, P= 0·03) and lower crypt depth (−31%, P< 0·01). In addition, birds fed
the low-Thr diet had higher gut permeability as measured after 2 h of administration of fluorescein isothiocyanate-dextran (3–5 kDa, P< 0·01),
which may be attributed to decreased IgA production (P= 0·03) in the ileum. In caecal tonsils, the challenged group fed low Thr had lower
CD3:Bu-1 ratio (P≤ 0·05), along with a tendency for lower CCR9 mRNA expression in birds fed the low-Thr diet (P= 0·10). In addition, Thr
deficiency tended to increase IL-10 mRNA expression regardless of infection (P= 0·06), but did not change interferon-γ mRNA expression
upon coccidial infection (P> 0·05). Overall, Thr deficiency worsened the detrimental effects of combined feed withdrawal and coccidial
infection on growth performance and oocyst shedding by impairing intestinal morphology, barrier function, lymphocyte profiles and their
cytokine expressions.
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Poultry coccidiosis, caused by protozoa of the genus Eimeria, is
one of the most frequently reported parasitic diseases and has
substantial economic impact on the poultry industry(1–3). Eimeria
parasites invade the intestinal mucosa and induce villus damage
and crypt dilation(4–6), resulting in poor nutrient digestion and
absorption, and thus growth depression(6,7). In order to defend
against the parasite and acquire protective immunity, the
host elicits a series of non-specific and specific immune
responses(1–3,8). The non-specific responses include increasing
mucus production by goblet cells (GC)(8) and activating phago-
cytosis by macrophages and dendritic cells(2,3), whereas the
specific responses are primarily conferred by T lymphocytes
and, to a lesser extent, by antibodies from B lymphocytes(1–3).
Therefore, dietary factors contributing to intestinal immune
competence may play a role in protecting against coccidiosis.

Threonine (Thr) is one nutrient that particularly contributes to
gut barrier integrity and its associated immune system. The most
studied proteins related to intestinal Thr utilisation are the
mucins, where Thr constitutes 28–35% of the total amino
acids(9,10). The reduction in mucin synthesis under dietary Thr
restriction has been demonstrated in rats(11), pigs(12),
chickens(13) and ducks(13,14). As the major constituent of mucus
layers, decreased mucin production may account for the
impairment of gut barrier function. Hamard et al.(15) showed
that moderate Thr deficiency increased ileal paracellular per-
meability of piglets, along with gene expression changes of tight
junction (TJ) proteins. In addition to mucins, Thr is an important
structural component of Ig, accounting for 7–11% of the total
amino acids(9). Moreover, Thr may contribute to lymphocyte
proliferation and activation. In vitro, Thr was demonstrated to
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be consumed by lymphocytes to maintain their proliferation
and antibody production(16). In addition, Thr starvation in cul-
ture medium depressed lymphocyte proliferation in response to
mitogens(17). In animal studies, Thr is known to affect the
production and activity of intestinal IgA in laying hens(18) and
serum IgY in ducks(14). Overall, Thr is critical to maintain gut
barrier function and its underlying immune competence.
The magnitude of coccidial pathogenesis depends largely on

the successful invasion of parasites inside the host(3). As the
initial parasite–host interface, the mucus layer has the function to
prevent Eimeria oocyst invasion into intestinal epithelial cells(19).
The decrease of this mucus layer may lead to an increased
susceptibility of birds to coccidiosis infection. Such a decrease
can be observed after 24h of feed withdrawal in birds(20). In
addition, this reduction in mucus content may worsen Thr defi-
ciency under coccidia-induced mucogenesis(8). Given the critical
role that Thr plays in gut barrier and immune functions, it was
hypothesised that Thr deficiency would exacerbate the intestinal
damage induced by combined feed withdrawal and coccidial
infection. Therefore, in this study, feed was withdrawn for 24h
as a predisposing factor to induce the loss of gut barrier integrity,
and then coccidial vaccines were gavaged to establish a model of
coccidiosis to determine the effect of Thr deficiency on intestinal
morphology, barrier function, lymphocyte profile and cytokine
gene expression of broiler chicks.

Methods

Birds, diets and experimental design

Animal care and use procedures were reviewed and approved
by the Purdue University Animal Care and Use Committee.
A total of 224 1-d-old male broiler chicks (Ross 708, hatching
body weight (BW) was 33·8 (SEM 0·2) g) were obtained from a
commercial hatchery, weighed and allocated into groups to
ensure similar initial weight in each group. All chicks were
housed in electrically heated battery cages (Alternative Design
Manufacturing and Supply Inc.) until 21 d of age. The battery
cage temperature was maintained at 35± 1°C for the 1st week
and was gradually decreased to 27°C in the 3rd week. The
lighting schedule was 22 h light–2 h dark throughout the
experiment. Feed and water were provided ad libitum. Chicks
were inspected daily for any health problems, and mortality was
recorded as it occurred.
The completely randomised design consisted of a 2× 2 fac-

torial arrangement of treatments to evaluate dietary Thr con-
centrations (4·8 or 9·6 g/kg) with or without combined
challenge (24-h feed withdrawal and coccidial vaccine chal-
lenge). Overall, there were four treatment groups with eight
replicate cages per treatment and seven birds per cage. In order
to obtain the low-Thr diet, the crude protein was formulated at a
concentration of 210 g/kg. The other nutrients were formulated
to meet or exceed the requirements of broilers according to the
National Research Council(21). A basal diet was initially mixed,
and final diets were obtained by adding 98·0% of the basal mix
to a premix (2·0%) containing different concentrations of
Thr, Ala and maize starch, where Ala was added to make
all diets isonitrogenous, and maize starch served as a filler.

The ingredient composition used in this study is shown in
Table 1. Dietary N (method 990.03; AOAC International, 2006)
and amino acid (method 982.30 E(a,b,c); AOAC International,
2006) were analysed at the University of Missouri Experiment
Station Chemical Laboratories, Columbia. The analysed dietary
amino acid concentrations are presented in Table 2. Dietary Thr
was analysed to be 4·9 or 9·0 g/kg, which is 61·25 or 112·5% of
the Thr requirement for broilers(21), respectively.

Feed withdrawal, coccidial infection and sampling

At 13 d of age, birds in the challenged groups were feed
deprived for 24 h and then gavaged with a coccidial vaccine at
25× dose (Coccivac®-B; Merck Animal Health), which con-
tained live oocysts of Eimeria acervulina, Eimeria mivati,
Eimeria maxima and Eimeria tenella. In our previous studies,
20× (6) and 25× (Grenier et al., unpublished results) doses of
Coccivac®-B induced moderate intestinal damage and immune
response. Birds in the control groups were not subjected to feed
withdrawal, and were orally gavaged with water at 14 d of age.
Cage weight and feed intake (FI) were measured at 0, 13 and
21 d of age for BW gain, FI and feed:gain. Average FI and BW

Table 1. Feed ingredients and chemical composition of diets on an
as-fed basis

Items 0·48% Thr 0·96% Thr

Ingredient (%)
Maize 48·00 48·00
Soyabean meal (48% CP) 18·39 18·39
Maize starch 18·65 18·54
Soya oil 0·20 0·20
Sodium chloride 0·50 0·50
Limestone 1·90 1·90
Monocalcium phosphate 2·20 2·20
DL–Met 0·51 0·51
L-Lys, HCl 0·80 0·80
L-Thr 0·00 0·48
L-Trp 0·06 0·06
L-Arg 0·55 0·55
L-Val 0·43 0·43
L-Phe 0·38 0·38
L-Leu 0·23 0·23
L-Ile 0·35 0·35
L-Gly 1·60 1·60
L-Glu 3·90 3·90
L-Ala 1·00 0·63
Vitamin and trace-mineral premix* 0·35 0·35

Nutrient composition (calculated)
ME (kJ/kg) 12 820 12 820
ME (kcal/kg) 3064 3064
Protein (%) 21·02 21·02
Lys (%) 1·30 1·30
Met (%) 0·72 0·72
Met +Cys (%) 0·93 0·93
Thr (%) 0·48 0·96
Ca (%) 1·18 1·18
Non-phytate phosphorus (%) 0·54 0·54

CP, crude protein; ME, metabolisable energy.
* Supplied the following per kg of diet: vitamin A, 13 233 IU; vitamin D3, 6636 IU;

vitamin E, 44·1 IU; vitamin K, 4·5mg; thiamine, 2·21mg; riboflavin, 6·6mg;
pantothenic acid, 24·3mg; niacin, 88·2mg; pyridoxine, 3·31mg; folic acid,
1·10mg; biotin, 0·33mg; vitamin B12, 24·8 µg; choline, 669·8mg; Fe from ferrous
sulphate, 50·1mg; Cu from copper sulphate, 7·7mg; Mn from manganese oxide,
125·1mg; Zn from zinc oxide, 125·1mg; I from ethylenediamine dihydroidide,
2·10mg; Se from sodium selenite, 0·25mg.
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gain were corrected for mortality. Excreta were collected for 1 d
at 21 d of age, and stored at 4°C for oocyst counting. In addition,
1 bird/cage was randomly selected and euthanised with CO2 for
tissue sampling at 14 d of age (after the 24-h feed withdrawal
and before the coccidial vaccine challenge for the challenged
groups) and at 21 d of age (7 d after coccidial vaccine challenge
for the challenged groups). At each age, the same bird was used
for the different analyses. At 14 and 21 d of age, gut perme-
ability and concentrations of ileal mucosal barrier proteins were
determined. In addition, at 21 d, intestinal gross lesion, jejunal
morphology, lymphocyte profile and cytokine gene expression
in caecal tonsil (CT) were determined.

Oocyst counting and lesion score

Oocyst counting was performed as described by Hodgson(22)

with modifications (Grenier et al., unpublished results). In brief,
excreta within each cage were pooled together and mixed.
Excreta/cage (approximately 500mg) were weighed, passed
and stirred through a sieve with 300ml saturated NaCl solution.
A sample of the mixture was transferred into the two chambers
of a McMaster slide (FEC source). After 5min, the four species
of Eimeria oocysts were counted under a microscope at 10×
magnification. The number of oocysts was expressed as oocyst
per gram of faeces. In addition, gross lesions (1 bird/cage at
21 d of age) were scored in the duodenum, mid-jejunum and
caecum according to Conway & McKenzie(23), as the four
species present in the live vaccine target the duodenal loop and
upper jejunum (E. acervulina and E. mivati), mid-intestinal
area (E. maxima) and the caecum (E. tenella).

Gut permeability

Fluorescein isothiocyanate-dextran (FITC-d) was administered
orally, and its appearance in blood was used as a marker for TJ

permeability as described previously(24). At 14 and 21 d of age,
FITC-d (2·2mg/bird, molecular weight 3000–5000; Sigma
Aldrich) was orally gavaged to 1 bird/cage, 2 h before birds
were euthanised. Blood was collected via the jugular vein after
euthanasia, kept at room temperature for 3 h to allow clotting
and then centrifuged (1000 g for 15min) to separate serum.
Fluorescence levels of diluted serum (1:1 in PBS) were
measured at an excitation wavelength of 485 nm and emission
wavelength of 528 nm (Synergy HT, Multi-mode microplate
reader; BioTek Instruments), and FITC-d concentration per ml
of serum was calculated based on a standard curve.

Mucosal sample analysis

Mucosa samples from 1 bird/cage were scraped from 10 cm of
the ileum (5 cm proximal to the Meckel’s diverticulum) at 14
and 21 d of age. Mucin from ileal mucosa was extracted by
homogenisation in 0·2 M-NaCl containing protease inhibitors
and 0·02% NaN3 for 30 s, and subsequent centrifugation at
6000 g for 30min(25). The supernatant was collected to deter-
mine soluble mucin concentrations by Alcian blue(26) with
modifications. In brief, 200 μl samples of homogenised super-
natant were incubated with 50 µl Alcian blue reagent (100mg
Alcian blue in 100ml 0·2 M-sodium acetate, 50mm MgCl2,
pH 2·5) with shaking for 2 h at room temperature. The mixture
was centrifuged (10min at 12 500 g), and the absorbance of
200 μl of the clear supernatant (1:1 diluted) was measured at
595 nm. The residual Alcian blue in the supernatant correlated
inversely with the amount of precipitated mucin. Calibration
curves were constructed using commercial porcine mucin
(Sigma Aldrich). Production of mucosal secretory IgA and IgM
(Bethyl Laboratories), polymeric Ig receptor/secretory compo-
nent (pIgR/SC; MyBioSource) and claudin-1 (MyBioSource) was
determined by ELISA following the manufacturer’s protocol.
The total protein in the mucosal homogenates was measured
colorimetrically based on the Bradford dye-binding method
using a commercially available kit (Bio-Rad) with bovine serum
albumin as the standard.

Intestinal morphological analysis

The mid-jejunum from 1 bird/cage was collected at 21d of age.
Tissue samples were fixed in 10% buffered formalin and were
paraffin embedded. One section/bird (5-μm thick) was stained
with Alcian Blue/PAS (periodic acid-Schiff) Stain Kit (Newcomer
Supply) following the manufacturer’s protocol. After staining,
treatment-blind histological analysis was performed on six com-
plete and well-oriented villi and six crypts per section. Sections
were assessed for villus height (VH), crypt depth (CD), GC counts
(per villus) and GC density (per µm of VH) by light microscopy.

Lymphocyte preparation and flow cytometric analysis

At 21 d of age, the left CT from 1 bird/cage was cut and placed
in tubes of ice-cold Roswell Park Memorial Institute (RPMI)
1640 medium (Gibco) for immediate cell collection. Single-cell
suspensions of CT were carried out as described in our previous
study(27) with modifications. In brief, CT samples were gently

Table 2. Analysed amino acid concentrations of diets on an as-fed basis

Item 0·48% Thr 0·96% Thr

Analysed concentration (%)
Crude protein 20·63 20·25
Indispensable amino acids
Arg 1·28 1·27
His 0·32 0·31
Ile 0·83 0·82
Leu 1·41 1·39
Lys 1·32 1·32
Met 0·56 0·60
Phe 1·01 0·97
Thr 0·49 0·90
Trp 0·19 0·19
Val 0·99 0·97

Dispensable amino acids
Ala 1·56 1·32
Asp 1·26 1·21
Cys 0·18 0·18
Glu 5·90 5·96
Gly 2·02 2·01
Pro 0·72 0·70
Ser 0·58 0·55
Tyr 0·46 0·44
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pressed over a 40-μm cell strainer (Fisher Scientific) into a
petridish with RPMI 1640 medium. Cells were collected, washed
twice and re-suspended in RPMI 1640 medium at a final con-
centration of 107 cells/ml. Next, 500 μl of cell suspensions was
aliquoted and stained as follows: (1) control to determine
background fluorescence; (2) anti-chicken CD4 labelled with
phycoerythrin (PE, 0·2 μg antibody/106 cells) and anti-chicken
CD8 labelled with FITC (1 μg antibody/106 cells); and (3) anti-
chicken CD3 labelled with FITC (1 μg antibody/106 cells) and
anti-chicken Bu-1 labelled with PE (0·2 μg antibody/106 cells).
All antibody reagents were purchased from Southern Biotech.
After 1 h of incubation with antibodies, the cells were washed
twice with Hanks’ buffered salt solution (HBSS; Gibco). At the
completion of the staining and washing procedure, the cells
were re-suspended in 500 µl of HBSS with 2% paraformalde-
hyde, held at 4°C and protected from light for analysis the next
day using flow cytometry (C6 BD Accuri Cytometer, Inc.). Data
were collected on 10 000 cells per sample. Lymphocyte gate
was set according to the forward scatter and side scatter
properties of chicken leucocytes.

Total RNA extraction and RT

At 21 d of age, the mid-jejunum and the right CT from 1 bird/
cage were placed in RNALater (Ambion) overnight at 4°C and
frozen at −80°C until RNA extraction. Total RNA was extracted
from the tissues using TRIzol reagent (Invitrogen) following the
manufacturer’s protocol. RNA concentrations were determined
by NanoDrop 1000 (Thermo Scientific) and RNA integrity was
verified by 1% agarose gel electrophoresis. To eliminate DNA
contamination, extracted RNA was purified with DNA-free
DNase Treatment and Removal Kit (Ambion). Next, 2mg of
total RNA from each sample was reverse transcribed into
complementary DNA (cDNA) using the M-MLV reverse tran-
scription system (Promega), and cDNA was then diluted 1:10
with nuclease-free water (Ambion) and stored at −20°C
until use.

Quantitative real-time PCR analysis

Real-time PCR was performed on the Bio-Rad iCycler with the
Faststart SYBR green-based mix (Applied Biosystems). PCR
programmes for all genes were designed as follows: 10min at
95°C, forty cycles at 95°C for 30 s, primer-specific annealing
temperature for 30 s and 72°C for 30 s, followed by melting
curve analysis. The primer sequences used in this study are
listed in Table 3. Primer specificity and efficiency (90–110%)
were verified. Samples were analysed in duplicate, and a dif-
ference ≤5% was acceptable. Relative gene expression was
calculated using the 2�ΔΔCt method(34) with normalisation
against the housekeeping gene, glyceraldehyde 3-phosphate
dehydrogenase, as described in our previous study(6).

Statistical analysis

All data (except for oocyst shedding) were analysed with two-
way ANOVA using general linear model procedure of SAS
(version 9.2; SAS Institute) for a completely randomised design.

The model included main effects of dietary Thr concentration,
feed withdrawal combined with coccidial infection and their
interaction. Cage was the experimental unit, and treatment
means were separated by least significant difference procedure.
As the initial BW (13 d) was significantly affected by dietary Thr
concentration, 13-d BW was used as a covariate in the model to
analyse growth performance during challenge (13–21 d). For
oocyst shedding under the combined challenge, contrast
was used to separate the means with different dietary Thr
concentrations. Differences with P≤ 0·05 were considered sig-
nificant, and those with 0·05<P≤ 0·10 were considered a trend.

The partitioning of growth rate reduction under challenge
was calculated as described by Pastorelli et al.(35). In brief, the
relationship between Δfeed intake (ΔFI) and ΔBW gain
(ΔBWG) of challenged birds relative to unchallenged birds
(expressed as percentage) for low-Thr or control Thr groups
was analysed using quadratic regression: ΔBWG= α + β1×
ΔFI + β2×ΔFI2. The analysis was carried out using the REG
procedure in SAS. The intercept (α) represents ΔBWG related to
changes in maintenance, which is not associated with ΔFI. The
coefficients (β1 and β2) represent the extent of ΔBWG asso-
ciated with ΔFI.

Results

Growth performance

Data on growth performance are presented in Table 4. The
results show that bird performance was below that of the per-
formance objectives of the primary breeder(36), which is prob-
ably due to the lower hatching BW (33·8 (SEM 0·2) g). In
addition, these diets were formulated to be lower in crude
protein, yet isonitrogenous with multiple crystalline amino acids
supplemented back to achieve the differential in Thr per
experimental design. Thus, performance up to the breeder
optimal level would not be expected in this situation. At 13 d of
age (before the challenge), Thr deficiency dramatically reduced
13-d BW by 21% (P< 0·0001). The interaction between dietary
Thr concentration and combined challenge (feed withdrawal
with coccidial vaccine overdose) was significant for 13–21-d
BW gain (P= 0·01). Under combined challenge, BW gain was
dramatically decreased by 30% (P≤ 0·05) and 26% (P≤ 0·05) in
the Thr-control group and the Thr-deficient group, respectively.
In addition, the challenged group fed low Thr had 38% lower
BW gain (P≤ 0·05) compared with the Thr-control diet. How-
ever, no interaction was observed for 13–21-d FI and feed:gain
(P> 0·10). During the challenge period (13–21 d of age), both
Thr deficiency and combined challenge significantly decreased
FI and increased feed:gain (P≤ 0·004).

In order to better understand the interaction effect of dietary
Thr and challenge on BW gain, the partitioning of growth rate
reduction following challenge for the low-Thr group or the
control Thr group was calculated (Fig. 1 and 2). As shown in
Fig. 1, the quadratic regressions between ΔBWG and ΔFI upon
13–21-d challenge were significant (P≤ 0·05; R2≥ 0·85),
regardless of dietary Thr concentration. The intercepts from
both Thr groups were negative, suggesting that when ΔFI was
not affected, the fraction due to change in maintenance
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Table 4. Growth performance of broilers fed diets containing threonine concentrations of 4·9 or 9·0 g/kg with or without
challenge from 13 to 21 d of age

13d* 13–21d† 13–21 d† 13–21d†

Item Challenge‡ BW (g/bird) BW gain (g/bird) FI (g/bird) F:G (g:g)

Dietary Thr (analysed, g/kg)
9·0 None 206·0 238·2a 367·6 1·58
4·9 None 165·9 139·1c 287·2 2·10
9·0 Yes 211·5 167·5b 329·0 1·97
4·9 Yes 163·1 103·4d 240·9 2·45
SEM 5·46 8·33 17·75 0·077

Main effect means
9·0 208·7a 202·9a 348·3a 1·78b

4·9 164·5b 121·3b 264·0b 2·27a

None 186·0 188·7a 327·4a 1·84b

Yes 187·3 135·5b 284·9b 2·21a

P

Source of variation
Thr effect <0·0001 <0·0001 0·002 <0·0001
Challenge‡ 0·81 <0·0001 0·004 <0·0001
Thr × challenge‡ 0·45 0·01 0·78 0·67

BW, body weight; FI, feed intake; F:G, feed:gain.
a,b,c,d Mean values within a column with unlike superscript letters were significantly different (P≤0·05).
* Means represent eight cages per treatment with seven birds per cage, analysed by ANOVA.
† Least square means represent eight cages per treatment with six birds per cage, analysed by ANCOVA with 13-d BW as the covariate.
‡ Challenge at 13–21d: birds received 24-h feed withdrawal at 13 d of age with subsequent gavage of a 25× dose of coccidial vaccine.

Table 3. Primers used in real-time quantitative PCR

Target gene Primer sequence (5′–3′) GenBank ID References

Housekeeping gene
GAPDH F: TCCTAGGATACACAGAGGACCA ENSGALG00000014442* (28)

R: CGGTTGCTATATCCAAACTCA
AA transporter

bo,+AT F: CAGTAGTGAATTCTCTGAGTGTGAAGCT XM_414130 (29)

R: GCAATGATTGCCACAACTACCA
y+LAT1 F: CAGAAAACCTCAGAGCTCCCTTT XM_418326 (29)

R: TGAGTACAGAGCCAGCGCAAT
ASCT1 F: TTGGCCGGGAAGGAGAAG XM_001232899 (30)

R: AGACCATAGTTGCCTCATTGAATG
EAAT3 F: TGCTGCTTTGGATTCCAGTGT XM_424930 (29)

R: AGCAATGACTGTAGTGCAGAAGTAATATATG
Chemokine and chemokine receptor

IL-8 F: GCGGCCCCCACTGCAAGAAT ENSGALG00000011670* (28)

R: TCACAGTGGTGCATCAGAATTGAGC
K203 F: ACCACGAGCTCCTGACACA Y18692 (31)

R: TTAAATGCCCTCCCTACCAC
CXCR5 F: TCTGCTTATGTTCGTGCTGG NM_001030912.1 (32)

R: TCTTGTGGACAGCACTGAGG
CCR9 F: GTGCCTCCCTGAGATCATGT NM_001045840.1 (33)

R: TGTGCTTTTGGCATCTTTTG
Cytokine

IL-1β F: GCATCAAGGGCTACAAGCTC NM_204524 (7)

R: CAGGCGGTAGAAGATGAAGC
IFN-γ F: AGCTGACGGTGGACCTATTATT Y07922 (31)

R: GGCTTTGCGCTGGATTC
IL-10 F: GCTGAGGGTGAAGTTTGAGG ENSGALG00000000892* (28)

R: AGACTGGCAGCCAAAGGTC
IL-17 F: TATCAGCAAACGCTCACTGG ENSGALG00000016678* (28)

R: AGTTCACGCACCTGGAATG
TGF-β4 F: CGGGACGGATGAGAAGAAC M31160 (31)

R: CGGCCCACGTAGTAAATGAT

GAPDH, glyceraldehyde-3-phosphate dehydrogenase; F, forward; R, reverse; bo,+AT, Na+-independent cationic and zwitterionic amino
acid transporter; y+LAT1, Na+-independent cationic and Na+-dependent neutral amino acid transporter; ASCT1, system ASC,
Na+-dependent neutral amino acid transporter 1; EAAT3, Na+, H+, K+-dependent excitatory amino acid transporter 3; CXCR5, C-X-C
chemokine receptor type 5; CCR9, C-C chemokine receptor type 9; IL, interleukin; IFN-γ, interferon-γ; TGF-β4, transforming growth
factor-β4.

* Sequence obtained from Ensembl chicken genome data resources.
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contributing to ΔBWG was negative (Fig. 2). Therefore, under
coccidial infection, birds from both Thr groups would have an
increased maintenance requirement, and thus a lowered BWG.
In addition, it was noticed that the fraction of change in main-
tenance for the Thr-deficient group (−18·7%, Fig. 2) was almost
2-fold of that in the Thr-control group (−11·1%, Fig. 2), indi-
cating that Thr is a critical nutrient accounting for maintenance
processes in coccidiosis.

Oocyst counting and gut lesion

The oocyst number was estimated in excreta at 21d of age
(7 d after coccidial vaccine challenge). No oocyst was detected in
excreta from unchallenged birds, regardless of dietary
Thr concentration. For the challenged birds, the analysis showed
that Thr deficiency resulted in a higher number of oocysts in
excreta (P= 0·03, Table 5). No obvious lesions for the duodenum
and the jejunum were observed, whereas bleeding in the caecum
was occasionally detected regardless of the dietary Thr
treatments, which indicated that birds in the present study had
mild-to-moderate coccidial infection.

Gut permeability and mucosa parameters

At both 14 and 21 d of age, gut permeability was measured by
FITC-d passage into blood (Table 6), and the production of
proteins related to intestinal barrier function, including mucins,
IgA, IgM, pIgR/SC and claudin-1 from ileal mucosa, was
determined (Tables 7 and 8).

Our results showed that at 14 d of age no interaction between
dietary Thr concentration and challenge (24 h feed withdrawal)
was detected based on serum FITC-d levels and concentrations of
mucins, IgA, IgM, pIgR/SC and claudin-1 in ileal mucosa
(P> 0·10). In addition, dietary Thr concentration had no effect on
all the aforementioned intestinal barrier function measures
(P> 0·10). However, 24-h feed withdrawal significantly increased
serum FITC-d levels (P< 0·0001), indicating higher gut perme-
ability. Coincidently, with feed withdrawal, mucin production
estimated from Alcian blue binding was highly decreased
(P= 0·003), whereas the production of pIgR/SC and claudin-1
was considerably increased (P≤ 0·004). Concentrations of IgA
and IgM was not influenced by feed withdrawal (P> 0·10).

At 21d of age, no interaction between dietary Thr concentration
and combined challenge (feed withdrawal with coccidial vaccine
overdose) was observed for serum FITC-d levels and concentra-
tions of mucins, IgA, IgM and claudin-1 in ileal mucosa (P>0·10).
For the main effect, either Thr deficiency or feed withdrawal
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Fig. 1. Relationship between the change in BW gain (ΔBWG) and feed intake (ΔFI) of broiler chicks at 13–21d of age challenged by feed withdrawal with vaccine
overdose, when fed a low-Thr (a) or control-Thr (b) diet. Responses are expressed as results of the challenged birds relative to that of unchallenged birds fed the same
diet. R2, coefficient of correlation; P-value, level of significance for regression.
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Fig. 2. Partitioning of the reduction in average BW gain of broiler chicks at
13–21d of age challenged by feed withdrawal with vaccine overdose, between
the fraction due to the change in maintenance ( , not associated with ΔFI) or
change in feed intake ( , associated with ΔFI). ΔFI, Change in feed intake.

Table 5. Oocyst shedding in the excreta of broilers fed diets containing
threonine concentrations of 4·9 or 9·0 g/kg with or without challenge at
21 d of age
(Mean values with their standard errors; n 8 cages per treatment)

Item Challenge*
Oocyte number
(×105/g excreta)

Dietary Thr (analysed, g/kg)
9·0 Yes 7·42b

4·9 Yes 10·38a

SEM 0·86
P 0·03

a,b Mean values within a column with unlike superscript letters were significantly
different (P≤0·05).

* Challenge at 21 d: birds received 24-h feed withdrawal at 13 d of age with
subsequent gavage of a 25× dose of coccidial vaccine.
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combined with vaccine overdose significantly increased gut per-
meability (P≤ 0·0003). Combined challenge increased mucin
secretion and claudin-1 protein concentration (P< 0·0001), but
dietary Thr concentration had no effect on these two parameters.
On the contrary, combined challenge had no influence on IgA
concentration, but the Thr-deficient diet dramatically decreased
IgA production (P= 0·03). IgM concentration was not impacted by

either Thr deficiency or combined challenge. A tendency to have
significant interaction between the two factors was detected for
the production of pIgR/SC in ileal mucosa (P= 0·08). The com-
bined challenge significantly decreased the production of pIgR/SC
in birds fed the Thr-control diet (P≤ 0·05), but not in birds fed the
Thr-deficient diet (P> 0·05).

Jejunum morphology

At 21 d of age, jejunum morphology was determined (Table 9).
Epithelial sloughing was observed in challenged birds. The
interaction between dietary Thr concentration and combined
challenge (feed withdrawal with coccidial vaccine overdose)
had a tendency to be significant for VH (P= 0·07). Although
there was no difference in VH (P> 0·05) between the chal-
lenged birds and the control regardless of dietary Thr con-
centration, Thr deficiency significantly decreased VH by 37%
(P≤ 0·05) and 45% (P≤ 0·05) for control birds and challenged
birds, respectively. A significant interaction between the two
factors was observed for CD (P= 0·03) and VH:CD ratio
(P= 0·05). For CD, combined challenge dramatically increased
it to 2·3-fold (P≤ 0·05) and 1·9-fold (P≤ 0·05) in the Thr-control
group and the Thr-deficient group, respectively. In addition, the
challenged group fed low Thr had 31% lower CD (P≤ 0·05),
compared with the challenged group fed the Thr-control diet.
For VH:CD ratio, combined challenge markedly decreased it by
53% (P≤ 0·05) and 51% (P≤ 0·05) in birds fed the Thr-control
diet and birds fed the Thr-deficient diet, respectively. Moreover,
the unchallenged birds fed the Thr-deficient diet had 26% lower
VH:CD ratio (P≤ 0·05), compared with the unchallenged birds
fed the Thr-control diet. No interaction was observed for GC
counts and GC density (P> 0·10). Thr deficiency induced a
decrease in GC counts (per villus, P< 0·0001) but an increase in
GC density (per µm of VH, P= 0·008). Combined challenge had

Table 6. Serum fluorescein isothiocyanate-dextran (FITC-d) of broilers
fed diets containing threonine concentrations of 4·9 or 9·0g/kg with or
without challenge at 14 and 21 d of age
(Mean values with their standard errors; n 8 birds per treatment)

FITC-d* (μg/ml)

Item Challenge† 14 d 21 d

Dietary Thr (analysed, g/kg)
9·0 None 0·211 0·547
4·9 None 0·224 0·683
9·0 Yes 0·304 0·868
4·9 Yes 0·328 0·988
SEM 0·018 0·032

Main effect means
9·0 0·258 0·707b

4·9 0·276 0·836a

None 0·217b 0·615b

Yes 0·316a 0·928a

P

Source of variation
Thr effect 0·34 0·0003
Challenge† <0·0001 <0·0001
Thr × challenge† 0·78 0·79

a,b Mean values within a column with unlike superscript letters were significantly
different (P≤0·05).

* At 14 and 21d of age, FITC-d (2·2mg/bird, molecular weight 3000–5000) was orally
gavaged to 1 bird/cage, and blood samples were collected 2 h after gavage.

† Challenge at 14 d: birds received 24-h feed withdrawal at 13 d of age (not gavaged
with coccidial vaccine yet); challenge at 21 d: birds received 24-h feed withdrawal at
13d of age with subsequent gavage of a 25× dose of coccidial vaccine.

Table 7. Mucin, IgA, IgM, polymeric Ig receptor/secretory component (pIgR/SC) and claudin-1 concentrations from ileal
mucosa of broilers fed diets containing threonine concentrations of 4·9 or 9·0 g/kg with or without challenge at 14 d of age
(Mean values with their standard errors; n 8 birds per treatment)

Item Challenge*
Mucins

(μg/mg protein)
IgA

(ng/mg protein)
IgM

(ng/mg protein)
pIgR/SC

(pg/mg protein)
Claudin-1

(ng/mg protein)

Dietary Thr (analysed, g/kg)
9·0 None 928·5 540·9 80·50 317·3 3·14
4·9 None 1020·7 373·0 77·62 364·0 3·50
9·0 Yes 766·2 631·1 71·22 515·6 5·27
4·9 Yes 785·1 303·6 61·57 477·8 4·91
SEM 28·51 164·1 6·42 40·71 0·56

Main effect means
9·0 847·4 586·0 75·86 416·5 4·20
4·9 902·9 338·3 69·60 420·9 4·21

None 974·6a 456·9 79·06 340·7b 3·32b

Yes 775·7b 467·3 66·40 496·7a 5·09a

P

Source of variation
Thr effect 0·36 0·13 0·25 0·91 0·98
Challenge* 0·003 0·68 0·15 0·0007 0·004
Thr × challenge* 0·55 0·86 0·52 0·31 0·52

a,b Mean values within a column with unlike superscript letters were significantly different (P≤0·05).
* Challenge at 14 d: birds received 24-h feed withdrawal at 13d of age (not gavaged with coccidial vaccine yet).
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no effect on GC counts (per villus, P> 0·10) but increased GC
density (per µm of VH, P= 0·04).

Gene expression of amino acid transporter

As shown in Table 10, at 21 d of age, no interaction between
dietary Thr concentration and combined challenge (feed with-
drawal with coccidial vaccine overdose) was observed for the
expression of amino acid transporters. Combined challenge
significantly decreased the mRNA expressions of Na+, H+, K+-
dependent excitatory amino acid transporter 3 (EAAT3) and

Na+-independent cationic and zwitterionic amino acid trans-
porter (bo,+AT) (P≤ 0·002), but dietary Thr concentration had
no effect on these variables (P> 0·10). System ASC, Na+-
dependent neutral amino acid transporter 1 (ASCT1) mRNA
expression tended to increase with either Thr deficiency or
combined challenge (P≤ 0·10).

Lymphocyte profile

The difference in lymphocyte subpopulations of CT was
assessed at 21 d of age. As presented in Table 11, no interaction

Table 8. Mucin, IgA, IgM, polymeric Ig receptor/secretory component (pIgR/SC) and claudin-1 concentrations from ileal
mucosa of broilers fed diets containing threonine concentrations of 4·9 or 9·0 g/kg with or without challenge at 21 d of age
(Mean values with their standard errors; n 8 birds per treatment)

Item Challenge*
Mucins

(μg/mg protein)
IgA

(ng/mg protein)
IgM

(ng/mg protein)
pIgR/SC

(pg/mg protein)
Claudin-1

(ng/mg protein)

Dietary Thr (analysed, g/kg)
9·0 None 266·6 1541 126·1 208·3a 2·53
4·9 None 258·1 1271 103·2 191·9a 3·12
9·0 Yes 456·6 1531 155·4 89·5b 4·91
4·9 Yes 394·6 962 120·6 156·1a,b 4·71
SEM 26·22 188·5 19·00 23·03 0·37

Main effect means
9·0 361·6 1536a 140·7 148·9 3·72
4·9 326·3 1116b 111·9 174·0 3·91

None 262·3b 1405 114·6 200·1a 2·82b

Yes 425·6a 1246 138·0 122·8b 4·81a

P

Source of variation
Thr effect 0·19 0·03 0·16 0·28 0·60
Challenge* <0·0001 0·37 0·20 0·002 <0·0001
Thr × challenge* 0·32 0·43 0·74 0·08 0·28

a,b Mean values within a column with unlike superscript letters were significantly different (P≤0·05).
* Challenge at 21 d: birds received 24-h feed withdrawal at 13d of age with subsequent gavage of a 25× dose of coccidial vaccine.

Table 9. Jejunum morphology of broilers fed diets containing threonine concentrations of 4·9 or 9·0 g/kg with or without
challenge at 21 d of age
(Mean values with their standard errors; n 8 birds per treatment)

Item Challenge* VH (μm) CD (μm) VH:CD
GC counts

(number/villus)
GC density

(number/μm villus)

Dietary Thr (analysed, g/kg)
9·0 None 681·7a 63·5c 11·12a 99·2 0·146
4·9 None 432·4b 53·4c 8·25b 69·7 0·161
9·0 Yes 706·6a 145·0a 5·18c 109·6 0·156
4·9 Yes 390·5b 99·7b 4·01c 69·8 0·180
SEM 17·72 7·63 0·42 3·56 0·007

Main effect means
9·0 694·1a 104·3a 8·15a 104·4a 0·151b

4·9 411·4b 76·5b 6·13b 69·8b 0·171a

None 557·1 58·4b 9·69a 84·4 0·154b

Yes 548·5 122·3a 4·60b 89·7 0·168a

P

Source of variation
Thr effect <0·0001 0·001 <0·0001 <0·0001 0·008
Challenge* 0·63 <0·0001 <0·0001 0·15 0·04
Thr × challenge* 0·07 0·03 0·05 0·16 0·52

VH, villus height; CD, crypt depth; GC, goblet cells.
a,b,c Mean values within a column with unlike superscript letters were significantly different (P≤0·05).
* Challenge at 21 d: birds received 24-h feed withdrawal at 13d of age with subsequent gavage of a 25× dose of coccidial vaccine.
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between dietary Thr concentration and combined challenge
(feed withdrawal with coccidial vaccine overdose) was
observed for the percentage of lymphocytes expressing cell-
surface antigens of CD4 (helper T cells), CD8 (cytotoxic T cells),
CD3 (total T cells) and Bu-1 (total B cells). Thr deficiency
resulted in a lower percentage of lymphocytes expressing CD4,
CD8, CD3 and Bu-1 (P≤ 0·01), whereas the combined
challenge increased the proportion of all aforementioned lym-
phocyte classes (P≤ 0·05). A tendency to have significant
interaction between the two factors was observed for CD3:Bu-1
ratio (P= 0·09). Under combined challenge, the CD3:Bu-1 ratio
in the Thr-deficient group was significantly decreased (P≤ 0·05)
compared with the Thr-control group, which was mainly
because the low-Thr group under combined challenge had a
lower increase in CD3 lymphocytes (5·33%) compared with
Bu-1 lymphocytes (10·8%). In addition, the opposite evolution
in the Thr-control group under combined challenge (+41% for
CD3 lymphocyte and +29% for Bu-1 lymphocytes) contributed
to its lower CD3:Bu-1 ratio. For the CD4:CD8 ratio, neither the
interaction between the two factors nor the effect of Thr
deficiency or combined challenge was observed.

Gene expressions of chemokines, chemokine receptors
and cytokines

The mRNA expressions of chemokines, chemokine receptors
and cytokines in CT at 21 d of age are presented in Table 12. No

interaction between dietary Thr concentration and combined
challenge (feed withdrawal with coccidial vaccine overdose)
was detected for the expressions of assessed genes (except
interferon-γ (IFN-γ)) in CT (P> 0·10). Thr deficiency increased
mRNA expressions of IL-17 and transforming growth factor-β4
(TGF-β4) (P≤ 0·008), and had a tendency to increase mRNA
expressions of IL-10, K203 and CXCR5 (P≤ 0·10), but had a
tendency to decrease CCR9 mRNA expression (P= 0·10).
Combined challenge increased mRNA expressions of IL-10,
K203 and CCR9 (P≤ 0·02), and had a tendency to increase IL-8
mRNA expression (P= 0·07), but decreased CXCR5 mRNA
expression (P= 0·03). A tendency to have significant interaction
between the two factors was observed for IFN-γ mRNA
expression (P= 0·06). Under combined challenge, IFN-γ mRNA
expression was significantly increased (P≤ 0·05) in birds fed the
Thr-control diet, but the increase was not significant for the
birds fed the Thr-deficient diet (P> 0·05).

Discussion

Clinical symptoms of a coccidial infection include intestinal
mucosal damage, poor feed efficiency and growth depres-
sion(1–3). All of these symptoms are economically significant to
the poultry industry, and the symptoms vary from mild to
severe, depending on the levels of parasite pathogenesis in the
intestinal mucosa(3). In order to protect against Eimeria para-
sites, multiple facets of the host immune system have evolved,
including epithelium barrier functions, macrophages, lympho-
cytes and their secretions, in the form of antibodies and cyto-
kines(1–3,6,8). Among the essential amino acids, Thr is
particularly important for producing mucus and maintaining gut
integrity(10–15), in addition to its potential effect on modulating
immune response(14,16–18). Dietary Thr deficiency may limit
mucin synthesis, disrupt barrier function and restructure the
immune cell profile that leads to damage of intestinal protec-
tion. Thus, it is of interest to explore the interaction between
dietary Thr deficiency and coccidial infection on the afore-
mentioned aspects.

As temporary feed withdrawal predisposed birds to later
outbreak of enteric pathogen colonisation and shedding(37), 24-h
feed withdrawal was applied at 13d of age in the present study,
which impaired the intestinal mucosal barrier, as evidenced by
the higher gut permeability (as observed previously in young
birds(24)) and lower mucin content (consistent to the observed
reduction of the mucus content in birds at 39d of age(20)), but
surprisingly higher claudin-1 and pIgR/SC production from ileal
mucosa. Claudin-1 is one of the TJ proteins in regulating para-
cellular barrier permeability(38). The major function of pIgR,
expressed on the basolateral surface of intestinal epithelial cells,
is to transport IgA (and to a lesser extent IgM) across the epi-
thelial cells to the gut lumen. At the apical surface, cleavage of
the extracellular portion of pIgR results in the release of SC as
part of the secretory Ig complex or in a free form(39,40). The
seemingly contradictory increase in claudin-1 and pIgR/SC in this
case suggested a possible compensatory role in the damaged
mucosa barrier(38,41,42). Moreover, the change in other TJ pro-
teins may also contribute to the increase in gut permeability, and
more studies are warranted regarding this aspect. Mucin is a

Table 10. Relative gene expression* of amino acid transporters in the
jejunum of broilers fed diets containing threonine (Thr) concentrations of
4·9 or 9·0 g/kg with or without challenge at 21 d of age
(Mean values with their standard errors; n 8 birds per treatment)

Item Challenge† EAAT3 bo,+AT y+LAT1 ASCT1

Dietary Thr
(analysed, g/kg)
9·0 None 1·00 1·00 1·00 1·00
4·9 None 1·31 0·81 1·01 1·02
9·0 Yes 0·23 0·47 0·67 1·08
4·9 Yes 0·35 0·41 0·91 1·88
SEM 0·20 0·14 0·18 0·28

Main effect means
9·0 0·62 0·73 0·84 1·04(b)

9·0 0·83 0·61 0·96 1·45(a)

None 1·16a 0·90a 1·00 1·01(b)

Yes 0·29b 0·44b 0·80 1·48(a)

P

Source of variation
Thr effect 0·14 0·61 0·15 0·10
Challenge† <0·0001 0·002 0·37 0·09
Thr × challenge† 0·70 0·89 0·77 0·49

EAAT3, Na+, H+, K+-dependent excitatory amino acid transporter 3; bo,+AT,
Na+-independent cationic and zwitterionic amino acid transporter; y+LAT1,
Na+-independent cationic and Na+-dependent neutral amino acid transporter;
ASCT1, system ASC, Na+-dependent neutral amino acid transporter 1.

a,b Mean values within a column with superscript letters were significantly different
(P≤ 0·05).

(a),(b) Mean values within a column with superscript letters have a tendency to differ
(0·05<P≤0·10).

* Relative gene expression (2�ΔΔCt )±SEM was calculated with glyceraldehyde-3-
phosphate dehydrogenase as the endogenous control.

† Challenge at 21 d: birds received 24-h feed withdrawal at 13 d of age with
subsequent gavage of a 25× dose of coccidial vaccine.
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major component of the mucus layer, which has the effect to
interact with Eimeria oocysts to inhibit their invasion of the
intestinal epithelium(19). The dramatic reduction of mucin along
with the increased gut permeability would make the birds more
prone to coccidial infection. In addition, the coccidial infection
induces a host mucogenic response(8), and the pre-existent
mucin reduction with feed withdrawal would drive more avail-
able Thr for mucin synthesis under coccidial infection to make
the Thr-deficient condition more severe.
Dietary Thr deficiency had no effect on intestinal barrier

parameters after 24 h of feed withdrawal. However, after

coccidial vaccine overdose, Thr deficiency significantly
increased gut permeability with a lower IgA production from
ileal mucosa. It is likely that mucin synthesis has a priority over
IgA production for Thr utilisation, as Thr deficiency had no
effect on mucin content regardless of coccidial infection.
Surprisingly, the increased pIgR/SC concentration after feed
withdrawal was decreased under coccidial infection with the
Thr-control diet, which may be attributed to the consumption of
SC during the elimination of Eimeria parasites, because SC itself
has direct scavenger properties against pathogen invasion(43).
However, the relatively higher pIgR/SC concentration for

Table 11. Percentage of lymphocytes expressing cell-surface antigens of CD4, CD8, CD3 and Bu-1 in caecal tonsil of broilers fed diets containing
threonine concentrations of 4·9 or 9·0g/kg with or without challenge at 21 d of age
(Mean values with their standard errors; n 8 birds per treatment)

Item Challenge* CD4 (%) CD8 (%) CD4/CD8 CD3 (%) Bu-1 (%) CD3/Bu-1

Dietary Thr (analysed, g/kg)
9·0 None 22·38 40·66 0·556 26·57 36·40 0·712a,b

4·9 None 12·83 20·58 0·645 18·95 25·04 0·735a,b

9·0 Yes 28·63 45·73 0·622 37·41 47·00 0·810a

4·9 Yes 21·41 33·29 0·640 24·28 35·83 0·683b

SEM 2·75 4·32 0·038 2·90 4·11 0·065
Main effect means

9·0 25·51a 43·20a 0·589 31·99a 41·70a 0·761
4·9 17·12b 26·94b 0·643 21·61b 30·43b 0·709

None 17·61b 30·62b 0·601 22·76b 30·72b 0·723
Yes 25·02a 39·51a 0·631 30·84a 41·41a 0·747

P

Source of variation
Thr effect 0·005 0·0008 0·15 0·001 0·01 0·20
Challenge* 0·01 0·05 0·39 0·01 0·01 0·50
Thr × challenge* 0·68 0·38 0·34 0·35 0·98 0·09

a,b Mean values within a column with unlike superscript letters were significantly different (P≤0·05).
* Challenge at 21 d: birds received 24-h feed withdrawal at 13 d of age with subsequent gavage of a 25× dose of coccidial vaccine.

Table 12. Relative gene expressions* of chemokines, chemokine receptors and cytokines in caecal tonsil of broilers fed diets containing threonine
concentrations of 4·9 or 9·0 g/kg with or without challenge at 21 d of age
(Mean values with their standard errors; n 8 birds per treatment)

Item Challenge† IL-8 K203 CXCR5 CCR9 IL-1β IFN-γ IL-10 IL-17 TGF-β4

Dietary Thr (analysed, g/kg)
9·0 None 1·00 1·00 1·00 1·00 1·00 1·00c 1·00 1·00 1·00
4·9 None 2·05 2·26 1·49 0·90 0·76 1·34b,c 1·18 1·39 2·12
9·0 Yes 2·79 3·11 0·52 1·88 1·49 4·99a 1·31 0·63 0·94
4·9 Yes 2·11 5·11 0·85 1·17 0·61 3·95a,b 1·99 1·22 1·40
SEM 0·64 0·81 0·24 0·17 0·57 0·89 0·35 0·17 0·21

Main effect means
9·0 1·89 2·06(b) 0·76(b) 1·44(a) 1·24 3·00 1·16(b) 0·82b 0·97b

4·9 2·08 3·68(a) 1·17(a) 1·03(b) 0·68 2·65 1·58(a) 1·31a 1·76a

None 1·52(b) 1·63b 1·24a 0·95b 0·88 1·17b 1·09b 1·20 1·56
Yes 2·45(a) 4·11a 0·69b 1·52a 1·05 4·47a 1·65a 0·93 1·17

P

Source of variation
Thr effect 0·51 0·08 0·10 0·10 0·84 0·62 0·06 0·008 0·001
Challenge† 0·07 0·003 0·03 0·02 0·51 0·001 0·01 0·13 0·28
Thr × challenge† 0·11 0·94 0·74 0·21 0·89 0·06 0·26 0·58 0·23

IFN-γ, interferon-γ; TGF-β4, transforming growth factor-β4; IL, interleukin; CXCR5, C-X-C chemokine receptor type 5; CCR9, C-C chemokine receptor type 9.
a,b,c Mean values within a column with unlike superscript letters were significantly different (P≤0·05).
(a),(b) Mean values within a column with unlike superscript letters have a tendency to differ (0·05<P≤0·10).
* Relative gene expression (2�ΔΔCt )± SEM was calculated with glyceraldehyde-3-phosphate dehydrogenase as the endogenous control.
† Challenge at 21 d: birds received 24-h feed withdrawal at 13 d of age with subsequent gavage of a 25× dose of coccidial vaccine.
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Thr-deficient group upon coccidial infection may be attributed
to the lower IgA production (62·8% of the Thr-control group
upon infection), which leads to less binding with pIgR.
Under histological assessment, VH in challenged birds was

not different from the control birds regardless of dietary Thr
level. This was likely attributed to the challenge resulting in only
a mild-to-moderate coccidiosis. Crypt elongation was detected
in birds with coccidial infection, as it was previously observed
in other studies(4–6). The longer CD indicated greater intestinal
epithelial proliferation(44), which may represent a plausible
mechanism for intestinal oocyst clearance and intestinal repair,
as the infected birds with deficient Thr had higher oocyst
shedding (+40%) but lower CD (−31%). However, more studies
are warranted before drawing firm conclusions on this plausible
mechanism. The lowest jejunal VH and VH:CD were observed
in the coccidial vaccine-infected birds fed the low-Thr diet,
indicating decreased nutrient absorption and increased cost to
maintain gut integrity(44), and thus contributing to the lowest
BW gain for infected birds under Thr deficiency. In addition,
increased GC density in the jejunum was noticed with low-Thr
diet, which was consistent with the results by Wils-Plotz &
Dilger(45), suggesting a possible compensatory role for Thr
deficiency in increasing GC density. Correspondingly, the
combined challenge increased the GC density as well, probably
due to the aforementioned Thr-deficient condition induced by
feed withdrawal.
In addition, the gene expressions of Thr-related amino acid

transporters, bo,+AT, Na+-independent cationic and Na+-
dependent neutral amino acid transporter (y+LAT1) and ASCT1,
as well as the glutamate transporter EAAT3, were determined
because of the potential that they might be affected by coccidial
infection and/or feed withdrawal. The bo, +AT/rBAT transporter
is located at the brush-border membrane and exchanges
extracellular cationic amino acids (such as Lys and Arg) and Cys
for intracellular neutral amino acids(30,46). The y+LAT1/4F2hC
transporter is located at the basolateral membrane and
exchanges neutral amino acids for intracellular cationic amino
acids(46). ASCT1 is a transporter for small neutral amino acids
such as Ala, Ser, Cys and Thr, but its location in chickens
remains to be determined(30,46). In the present study, coccidial
infection decreased bo, +AT and EAAT3 mRNA expressions, but
had a tendency for increased ASCT1 mRNA expression. This is
consistent with a previous analysis of the expression of these
transporters in either the mucosa layer(30) or the whole tissue of
birds(46). The coccidia-induced down-regulation of bo, +AT and
EAAT3 may result in decreased influx of Lys, Arg and the
energy source glutamate, but increased uptakes of intracellular
neutral amino acids including Thr. Up-regulation of ASCT1 in
the Thr-deficient birds with infection further demonstrated that
coccidiosis may necessitate an availability of sufficient Thr in
the intestine.
Reduction in lymphocyte populations in the CT represents a

weakened intestinal immune system with increased suscept-
ibility to coccidial infection. In the present study, Thr-deficient
birds exhibited fewer measured subpopulations of lymphocytes
than birds fed an adequate level of Thr. Although the CD4:CD8
ratio was not affected by Thr levels, CD3:Bu-1 ratio in the
Thr-deficient group was significantly lower than the Thr-control

group under combined challenge, which was mainly due to a
limited increase in the CD3 subpopulation (49% of Bu-1
lymphocytes) upon coccidial infection. To our knowledge, this
is the first study to demonstrate a Thr effect on lymphocyte
subpopulations. The relatively lower increase in CD3 lympho-
cytes with coccidiosis in the Thr-deficient birds is probably
another factor accounting for the higher oocyst shedding,
because T cell-mediated immunity plays a central role in the
control of intracellular Eimeria parasites(1–3).

Failure to recruit T cells in Thr-deficient birds may suggest a
disruption in recruitment signals to direct immune cell migration
to sites of infection. Therefore, the gene expressions of
chemokines IL-8 and K203 and chemokine receptors CXCR5
and CCR9 were determined in CT. IL-8 belongs to CXC che-
mokines, and its primary function is to recruit and activate
neutrophils in response to infection(47). K203 is a CC chemokine
that attracts macrophages and monocytes(48). CCR9 in mammals
is predominantly present on gut-homing T lymphocytes, and is
also expressed on a subset of B and natural killer cells, to
induce the formation of gut lymphoid tissue(33,49). CXCR5 in
mammals is expressed on B cells and B-helper T cells and is
necessary for the formation of intestinal humoral immu-
nity(32,50). In the present study, Thr deficiency had no effect on
IL-8 mRNA levels, but induced a tendency for increased K203
and CXCR5 mRNA expressions and decreased CCR9 mRNA,
indicating a trend towards a shift in the immune cells towards
more B cells and macrophages than T cells under limited Thr
intake. This would be consistent with the CD3:Bu-1 ratio from
lymphocyte subpopulations. Therefore, the changes in che-
mokine signals could have contributed to an alteration in
immune cell profiles.

Subsequently, the changed immune cell profiles may impair
local immune responses in coccidiosis, through their secretion
of cytokines. IL-1β is a pro-inflammatory cytokine, and its main
function is to activate a range of cells including macrophages
and T cells, which may lead to production of other cytokines
and chemokines(47). Expression of IL-1β mRNA in this study
was not affected by either Thr deficiency or coccidial infection,
even though previous studies have shown that E. tenella
induced higher IL-1β expression in the caecum(31,51). The pro-
duction of IFN-γ, which supports a Th1 profile, is crucial in the
resistance to Eimeria(1,2). IFN-γ, produced primarily by CD4
cells (rather than CD8 cells) after Eimeria infection(52), could
directly inhibit the development of Eimeria sporozoite(53),
augment cytotoxic activity of CD8 cells and enhance macro-
phage activation(1,54). Further, it has been shown that IFN-γ
administered alone or with a coccidial vaccine could induce an
anti-coccidial immune response by reducing oocyst production
and BW loss(53,55). Previous studies have shown that IFN-γ
mRNA is drastically increased in CT after exposure to
E. tenella(31,51). In the present study, upon coccidial infection,
IFN-γ mRNA expression was significantly increased in birds fed
the Thr-control diet, and was also increased in the Thr-deficient
group, although not significantly. These results are consistent
with previous observations that Eimeria-susceptible lines of
chicken had lower expression of IFN-γ during infection com-
pared with resistant lines(52). IL-10 was initially described as a
Th2 cytokine, but further evidence suggested that the
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production of IL-10 was associated with Treg cell response(48).
Rothwell et al.(56) suggested that IL-10 has the capacity to
prevent IFN-γ, driving anti-coccidial response, as evidenced by
its inhibition of IFN-γ synthesis in mitogen-activated lympho-
cytes in vitro. Similarly, in vivo, it was reported that susceptible
birds had up-regulated IL-10 mRNA expression after Eimeria
infection, whereas resistant birds or susceptible birds treated
with anti-coccidial drugs did not(56,57). In our study,
Thr-deficient birds had a higher IL-10mRNA transcription,
accompanying the reduced increase in IFN-γ mRNA expression
under coccidial infection. These results support a possibility that
lower IFN-γ and higher IL-10 may increase susceptibility to
coccidiosis, as Thr-deficient birds had higher oocyst shedding
and lower BW gain. Therefore, it seems that there is a reciprocal
relationship between IFN-γ and IL-10 in coccidial immune
response, and the outcome of pathogenesis depends on which
cytokine dominates in infection progression. The role of the
recently discovered IL-17, from the most recently described
group of Th17 cells, is controversial in coccidial infection
studies(55,58). Ding et al.(55) demonstrated that IL-17 could
enhance the protective effect of coccidial vaccine. However,
Zhang et al.(58) reported that multiple injections of IL-17 until
8 d after infection enhanced faecal oocyst shedding and caecal
lesion scores, probably due to the role of IL-17 in recruiting too
many neutrophils at the sites of infection. The role of Th17 cells
in both protective and pathologic roles during parasitic diseases
still remains to be elucidated, but the signalling of Th17 requires
cooperation of TGF-β4, which promotes the differentiation of
naive T cells to the Th17 phenotype(58,59). In the present study,
a higher IL-17 mRNA expression was coincided with an
increased TGF-β4 mRNA abundance in birds fed low Thr. The
increased IL-17 mRNA expression may induce an influx of
neutrophils that damage the mucosal epithelium. In addition,
TGF-β4 has an integral role in promoting Treg generation,
which in turn secretes higher TGF-β4 and IL-10 to suppress
the activation and proliferation of CD4 and CD8 T cells(48,59).
Therefore, the increased IL-10 mRNA expression in
Thr-deficient birds may be driven by the higher TGF-β4 mRNA
abundance in those birds. Overall, the low-Thr diet could have
led to increased TGF-β4 mRNA level, which may drive a higher
mRNA expression of IL-10 to inhibit the IFN-γ mRNA
transcription, eventually leading to a higher coccidiosis
susceptibility. In addition, there is a possibility that increased
expression of TGF-β4 mRNA in Thr-deficient birds could
stimulate increased IL-17 mRNA transcription, leading to
attraction of large numbers of neutrophils, resulting in mucosal
damage and destruction.
In conclusion, birds fed the low-Thr diet showed more

Eimeria oocyst shedding than birds fed diets with recommended
levels of Thr, indicating a higher susceptibility to coccidiosis.
Two potential mechanisms might explain this observation. First,
impaired integrity of the intestinal barrier, mainly induced by the
decreased IgA production and lowered crypt proliferation, could
lead to increased invasion and replication of Eimeria parasites in
the intestinal epithelium. Second, weakened local immune
defences, characterised by the reduction in lymphocyte sub-
populations in the CT, especially the lower content of T cells
upon coccidial infection, could result in failure to mount an

effective immune response against parasites. T cells are the
primary components of protective immunity against Eimeria
parasites, because they are responsible for orchestrating many
other cellular immune responses through secretion of a host of
cytokines such as IFN-γ, IL-10, IL-17 and TGF-β4. In addition, Thr
deficiency notably decreased 13–21d BW gain in birds with
coccidiosis. Fractional analysis of average growth response
under infection revealed that BW gain reduction induced by Thr
deficiency was largely attributed to an increased maintenance
requirement in support of the increased need for mucosal repair
and immune activation. Therefore, further experiments are
needed to evaluate the possibility of a high-Thr requirement in
chickens during coccidiosis. The present study supports the role
of an adequate dietary Thr level for optimal growth and immune
response during coccidial infection.
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