
  INTRODUCTION 
  Among the essential amino acids, threonine is partic-

ularly important for mucin synthesis and maintenance 
of gut barrier integrity (Bertolo et al., 1998). Threonine 
is incorporated into mucins, which are major glycopro-
teins protecting the epithelium from injury (Schaart et 
al., 2005). Faure et al. (2005) showed in rats that di-
etary restriction of threonine impaired the synthesis of 
mucins in all segments of the small intestine, with the 
largest reduction (40%) in the duodenum. The mucus 
layer is an important component of the nonimmune gut 
barrier. However, during inflammation, threonine avail-
ability may become limited for the synthesis of mucins, 
which may lead to impairment of the gut barrier func-
tion. An increase in dietary threonine can promote mu-

cin synthesis and may stabilize gut microbiota to favor 
intestinal protection and mucosal healing (Faure et al., 
2006; Wang et al., 2009). 

  Intestinal disorders due to bacterial infections are an 
important concern in broiler production. Clostridium
infections are especially considered to be a potential 
challenge even more so because antimicrobial growth 
promoters are banned from animal diets in some coun-
tries (Mateos et al., 2002). The α-toxin-producing 
gram-positive bacterium Clostridium perfringens is an 
enteric pathogen for poultry. Although C. perfringens
is known to be the etiologic agent of necrotic enteritis 
(NE; McDevitt et al., 2006), predisposing intestinal 
damage related to increased mucus production (e.g., 
via a coccidiosis infection), increases the sensitivity of 
broilers to Clostridium infections (Williams, 2005). Ef-
fects of a Clostridium infection vary from a reduction in 
feed intake and BW gain to condemnation of carcasses 
at slaughter due to liver abnormalities. On the intes-
tinal level, C. perfringens will cause necrotic lesions, 
thereby damaging the mucus layer of the intestine. In-
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  ABSTRACT   The aim of this study was to determine 
the threonine requirement of broilers during a subclini-
cal Clostridium infection. Three experiments were per-
formed: experiments 1 and 2 to investigate the dose-
response of threonine supplementation during infection 
and experiment 3 to validate the threonine requirement 
during infection. In each experiment, 1-d-old Ross 308 
male broilers were used. An infection model was used 
with inoculation of Eimeria maxima and Clostridium 
perfringens at d 9 and 14 of age, respectively. Con-
trol birds were inoculated with saline and liver broth 
at d 9 and 14 of age, respectively. From d 9 of age, 
infected birds were fed diets differing in the standard-
ized digestible threonine-to-lysine ratio (realized ratios 
experiment 1: 0.55, 0.58, 0.63, 0.69, and 0.72; realized 
ratios experiment 2: 0.64, 0.65, 0.67, 0.69, and 0.72; 
and realized ratios experiment 3: 0.63 and 0.67). Unin-
fected birds were fed diets with a realized Thr:Lys ratio 

of 0.63 in experiments 1 and 2 and of 0.63 or 0.67 in 
experiment 3. The incidence of lesions, lesion severity, 
and mortality rate of infected birds was not affected by 
the Thr:Lys ratio. Experiments 1 and 2 showed that 
the decrease in BW gain and feed intake was less se-
vere in infected birds fed a diet with a Thr:Lys ratio 
of 0.69 and 0.67, respectively (not significant). Valida-
tion of the Thr:Lys ratio in experiment 3 showed that 
the BW gain and feed intake were higher for infected 
birds with a Thr:Lys ratio of 0.67 compared with in-
fected birds with a Thr:Lys ratio of 0.63. This resulted 
in an increased BW gain and feed intake of 129 and 
148 g, respectively, with a higher Thr:Lys ratio over a 
production period of 37 d. This indicates that a higher 
Thr:Lys ratio in infected birds improved production 
performance during infection with C. perfringens, al-
though intestinal damage (incidence and lesion sever-
ity) was not affected. 
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fection with C. perfringens will increase mucus produc-
tion (Collier et al., 2008) and, as a major component 
of intestinal mucins, it is expected that the threonine 
requirement is also increased.

Necrotic enteritis caused by C. perfringens can be 
induced experimentally. In the experimental infection 
model, a coccidiosis infection is used as a trigger for C. 
perfringens to colonize the small intestine. A coccidiosis 
infection will be initiated by a subsequent inoculation 
of Eimeria maxima and, on the peak of the coccidiosis 
infection, of a C. perfringens strain that proved to be 
pathogenic to broilers. A coccidiosis infection caused by 
E. maxima (resulting in lesions in the middle segment 
of the small intestine) followed by a C. perfringens in-
fection results in a highly reproducible subclinical NE. 
Lesions can be scored easily and accurately, because 
lesions of E. maxima and C. perfringens are easy to 
distinguish given that lesions of both pathogens do not 
occur in the same intestinal segment.

The infection model can be used to determine the 
threonine requirement of birds suffering from C. per-
fringens. If this requirement is known for birds suffering 
from C. perfringens, these changed requirements can be 
applied during periods in which the risk for this intesti-
nal disease is increased.

The aim of the present study was to determine the 
standardized digestible threonine requirement of broil-
er chickens during a subclinical Clostridium infection. 
Three experiments were performed: experiments 1 and 
2 to investigate the threonine requirement during infec-
tion and experiment 3 to validate the threonine require-
ment.

MATERIALS AND METHODS

Birds and Housing
To investigate the threonine requirement of birds with 

a subclinical intestinal Clostridium infection, 3 experi-
ments were accomplished. In each experiment, 1-d-old 
Ross 308 male broilers were used. Birds were housed at 
the facilities of Schothorst Feed Research (Lelystad, the 
Netherlands). Birds had free access to feed, with the 
exception of 5 h before inoculations and postmortem 
examinations. Water was available ad libitum. Birds 
were vaccinated against infectious bronchitis at d 0. 
The Institutional Animal Care and Use Committee ap-
proved each of the experimental protocols.

Clostridium Infection Model
An experimental C. perfringens infection model was 

used in each experiment. As a trigger for C. perfrin-
gens to colonize the small intestine and cause NE, a 
coccidiosis infection was used. The coccidiosis infection 
was initiated by inoculation of a pathogenic E. maxima 
(10,000 sporulated oocysts/bird in 1 mL) after a 5-h 
feed withdrawal period at 9 d of age. At the peak of 

coccidiosis infection, birds were inoculated with a C. 
perfringens strain (1 × 108 cfu/mL) at 14 d of age. 
Control birds were inoculated with 1 mL of saline and 
sterile liver broth at d 9 and 14 of age, respectively. The 
pathogenic C. perfringens strain, pathogenic E. max-
ima, and liver broth were obtained from the Animal 
Health Service (Deventer, the Netherlands). The C. 
perfringens strain was grown on an agar of sheep blood 
and the culture was typed by the Central Institute of 
Animal Disease Control (Lelystad, the Netherlands) 
as C. perfringens producing type α and β2 toxins. For 
each experiment, freshly prepared inoculum was used.

Experiments 1 and 2
In total, seven-hundred 1-d-old broilers were housed 

in litter pens. At d 9, birds were individually weighed, 
and 612 birds were selected and housed in cages. Birds 
were allotted to 36 cages with 17 birds per cage, in such 
a way that the mean weight of 17 birds was similar in 
all cages. A lighting schedule of 20 h of light and 4 h of 
darkness was used throughout the experimental period. 
Ambient temperature was gradually decreased from 
32°C at d 0 to 22°C at d 20. The trial ended at d 20.

Experiments 1 and 2 were performed with 7 and 6 
treatments, respectively. In experiment 1, 3 treatments 
were performed with 4 replicates each and the other 
treatments with 6 replicates each. In experiment 2, all 
treatments consisted of 6 replicates.

A commercial starter diet was fed until d 8. From d 
9 onwards, a pelleted wheat/barley-based grower diet 
was fed. Except for the level of threonine, the nutrient 
composition of the experimental diets was according 
to Dutch standards to meet nutrient requirements of 
broilers (CVB, 2008). The intended threonine-to-lysine 
ratio (as standardized digestibility) in the diets differed 
from 0.56 to 0.75 in experiment 1 and from 0.65 to 0.77 
in experiment 2. To meet the required threonine level 
in the experimental diets, l-threonine was added as a 
standard premix (l-threonine 98.5%, Ajinomoto Eu-
rolysine s.a.s., Amiens, France). Diets did not contain 
coccidiostat or additives with antimicrobial activities. 
The set-up of the treatments is given in Table 1.

Experiment 3
The set-up of experiment 3 was based on the results 

of experiments 1 and 2. In Figure 1, performance re-
sults expressed as feed efficiency of experiments 1 and 2 
are combined to determine the optimum Thr:Lys ratio 
based on a quadratic response and broken-line model. 
The optimum level of the broken-line concept was used 
as the Thr:Lys ratio in experiment 3. A difference of 
on average 0.025 between the intended and realized 
Thr:Lys ratio was taken into account by optimizing the 
experimental diets for experiment 3.

In total, 1,152 one-day-old broilers were housed in lit-
ter pens. At d 0, birds were individually weighed. Birds 
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were allotted to 36 cages with 24 birds per cage, in such 
a way that the mean weight of 24 birds was similar in 
all cages. On d 8, the number of birds was standard-
ized to 22 and the bird weight per cage was measured. 
A lighting schedule of 22 h of light and 2 h of darkness 
was used from d 0 to 9, followed by 18 h of light and 6 
h of darkness throughout the rest of the experimental 
period. Ambient temperature was gradually decreased 

from 32°C at d 0 to 20°C at d 37. The trial ended at 
d 37.

The experiment was performed with 4 treatments 
consisting of 12 replicates each. A pelleted wheat/soy-
bean meal-based starter diet was fed to each treatment 
group until d 8. From d 9 onwards, a pelleted wheat/
barley-based grower diet with an intended Thr:Lys ra-
tio of 0.65 or 0.70 (standardized digestible) was fed 
until the end of the experiment. Except for the level 
of threonine, the nutrient composition of the experi-
mental diets was according to Dutch standards to meet 
the nutrient requirements of broilers (CVB, 2008). To 
meet the required threonine level in the experimental 
diets, l-threonine was added as a standard premix (l-
threonine 98.5%, Ajinomoto Eurolysine s.a.s.). Diets 
did not contain coccidiostat or additives with antimi-
crobial activities. The set-up of the treatments is given 
in Table 1.

Feed Analysis
In experiments 1 and 2, the grower diets were ana-

lyzed for moisture and CP content at the Schothorst 
Feed Research facility. The exact amino acid pattern 
was determined by the Ajinomoto Eurolysine s.a.s. lab-
oratory (Amiens, France) by a JLC-500/V AminoTac 
amino acid analyzer (Jeol, Croissy-sur-Seine, France). 
Methionine and cysteine were hydrolyzed after oxida-
tion with performic acid. The amino acids were sepa-
rated by fluidized ion exchange chromatography and 
determined by photometric detection. Total tryptophan 
was analyzed by HPLC after an alkaline hydrolysis with 
barium hydroxide. In experiment 3, the aforementioned 
nutrients were analyzed in the starter and grower diets. 

Table 1. Experimental design of experiment 1, 2, and 3 

Treatment Description

Thr:Lys ratio Inoculation

Number  
of  

replicates

Grower  
diet  

(d 9–20)

Finisher  
diet  

(d 21–37) d 9 d 14

Experiment 1       
 1 Uninfected 0.65  Saline Liver broth 4
 2 Solely infected with 

E. maxima
0.65  Eimeria maxima1 Liver broth 4

 3 Infected 0.56 0.56  Eimeria maxima Clostridium perfringens2 6
 4 Infected 0.60 0.60  Eimeria maxima Clostridium perfringens 6
 5 Infected 0.65 0.65  Eimeria maxima Clostridium perfringens2 4
 6 Infected 0.70 0.70  Eimeria maxima Clostridium perfringens 6
 7 Infected 0.75 0.75  Eimeria maxima Clostridium perfringens 6
Experiment 2       
 1 Uninfected 0.65  Saline Liver broth 6
 2 Infected 0.65 0.65  Eimeria maxima Clostridium perfringens 6
 3 Infected 0.68 0.68  Eimeria maxima Clostridium perfringens 6
 4 Infected 0.71 0.71  Eimeria maxima Clostridium perfringens 6
 5 Infected 0.74 0.74  Eimeria maxima Clostridium perfringens 6
 6 Infected 0.77 0.77  Eimeria maxima Clostridium perfringens 6
Experiment 3       
 1 Uninfected 0.65 0.65 0.65 Saline Liver broth 12
 2 Uninfected 0.70 0.70 0.70 Saline Liver broth 12
 3 Infected 0.65 0.65 0.65 Eimeria maxima Clostridium perfringens 12
 4 Infected 0.70 0.70 0.70 Eimeria maxima Clostridium perfringens 12

110,000 sporulated oocysts of Eimeria maxima in 1 mL.
21 × 108 cfu of Clostridium perfringens in 1 mL.

Figure 1. Efficiency [calculated as BW on d 20/(feed intake on d 
14 + d 15 + d 16)] of birds infected with Eimeria maxima (d 9) and 
Clostridium perfringens (d 14) fed diets with an increasing standard-
ized digestible threonine:lysine ratio in experiments 1 and 2. Optimum 
ratio determined by a quadratic response curve (- -) or broken-line 
curve (—). Optimum for quadratic response curve (↑) was a Thr:Lys 
ratio of 0.78. Optimum for broken-line curve (↓) was a standardized 
digestible Thr:Lys ratio close to 0.68. + = data points in experiments 
1 and 2; ○ = outlier of experiment 1.
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Based on the analyzed amino acid pattern, the dietary 
Thr:Lys ratio was determined. The feed composition of 
the basal diets (intended Thr:Lys ratio of 0.65) is given 
in Table 2.

Lesion Scoring
Postmortem examination for coccidiosis and NE le-

sions in the small intestinal mucosa were performed on 
4 birds per cage. Birds were killed by T61 (0.1 mL/kg 
of BW; Intervet Nederland BV, Boxmeer, the Nether-
lands). Visual lesion scoring was performed by skilled 
veterinarians from the Animal Health Service. Scores 
for NE lesions were as follows: 0 = no lesions; 1 = 1 to 
5 small lesions (spots of less than 1 mm in diameter); 
2 = more than 5 small lesions (spots of less than 1 mm 
in diameter) or 1 to 5 larger lesions (spots of 1 to 2 
mm in diameter); 3 = more than 5 larger lesions (1 to 
2 mm in diameter) or erosive zones; and 4 = birds that 
died with a positive NE diagnoses postmortem. Treat-
ment of the birds was not known by the person who 
performed the visual scoring.

Postmortem examinations for C. perfringens lesions 
were performed on d 15, 16, and 20 in experiments 1 
and 2 and on d 15 and 16 in experiment 3.

Production Performance
In experiments 1 and 2, individual BW of all birds 

were measured on d 9 (to standardize mean BW per 
cage) and on d 15, 16, and 20 of age of birds before 
necropsy. Daily feed intake per cage was measured on 
d 14, 15, 16, and 20. Feed efficiency per treatment, cal-
culated as the BW on d 20/(feed intake on d 14 + d 15 
+ d 16) of birds infected with E. maxima (d 9) and C. 
perfringens (d 14), was used to determine the optimum 
Thr:Lys ratio.

In experiment 3, individual BW on the day of arrival 
and per cage on d 8, 20, and 37 were measured, as well 
as BW of birds before necropsy on d 15 and 16. Feed 
intake per cage was measured from d 0 to 8, d 9 to 20, 
and d 21 to 37. The BW gain and feed conversion ratio 
(FCR) were calculated. In each experiment, mortality 
was registered from d 0 until the end of the experiment.

Statistical Analysis

Observations were marked as outliers and excluded 
from the data set before statistical analyses if the re-
sidual (fitted – observed value) > 2.5 × SE on the 
residuals of the data set. The incidence of NE lesions 

Table 2. Composition of the basal grower diets with a standardized digestible threonine:lysine ratio 
of 0.65 in experiments 1, 2, and 3 

Item Experiment 1 Experiment 2 Experiment 3

Ingredients (%)    
 Wheat 37.00 35.88 36.00
 Soybean meal 20.13 19.52 22.90
 Barley 25.00 24.25 25.00
 Sunflowerseed meal 5.42 5.26 3.40
 Maize starch 1.43 3.82 1.40
 Maize glutenmeal — — 0.84
 Wheat groats 1.12 1.09 —
 Soybean oil 4.96 4.81 5.52
 Animal fat 1.40 1.86 1.37
 Limestone 1.15 1.12 1.30
 Monocalcium phosphate 0.80 0.78 0.80
 Salt 0.12 0.12 0.36
 l-Lysine-HCl (79%) 0.32 0.31 0.28
 dl-Methionine (99%) 0.21 0.27 0.22
 l-Threonine (98%) 0.09 0.09 0.11
 Natrium bicarbonate 0.35 0.34 —
 Vitamins and minerals 0.50 0.48 0.50
Nutrients (g/kg)    
 Moisture 109 117 119
 Ash 51 51 53
 CP 188 187 196
 Crude fat 96 80 88
 Crude fiber 36 36 37
 Starch 350 360 345
 AME broiler (kcal/kg) 2,879 2,864 2,879
 Calcium 7.3 6.7 7.3
 Phosphorus 5.9 5.7 5.7
 d. Lysine1 10.2 10.2 10.1
 d. Methionine1 4.7 4.7 4.8
 d. Methionine + cystine1 7.7 7.8 7.7
 d. Threonine1 6.6 6.6 6.5
 d. Tryptophane1 2.0 2.1 2.3
 d. Valine1 7.7 7.5 7.9

1Amino acid levels as standardized digestible values.
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(% of affected birds) was analyzed by the Fisher Exact 
Test, whereas the severity of lesions and production 
performance parameters were analyzed by ANOVA. 
Data were analyzed according to the following model:

Yijk = µ + Blocki + Infectionj + Thr:Lysk  

+ Infection × Thr:Lysjk + eijk,

where Y is the response parameter, µ is the overall 
mean, Block is the effect of a replicated block (i = dif-
ferent for each experiment), Infection is the effect of 
no infection or infection (j = 1 or 2), Thr:Lys is the 
effect of the Thr:Lys ratio (k = different for each ex-
periment), Infection × Thr:Lys is the interaction effect 
between infection and the Thr:Lys ratio (jk = different 
for each treatment), and e is the random error term. 
Treatment means were compared by least significant 
differences. P < 0.05 was considered to be statistically 
significant, whereas 0.05 ≤ P < 0.10 was considered to 
be a near-significant trend.

RESULTS

Threonine:Lysine Ratio
In each experimental grower diet (experiments 1 to 

3), the realized Thr:Lys ratio was lower than the in-
tended Thr:Lys ratio (Table 3). However, the stepwise 
increase of free threonine was as intended. Results de-
scribed below will refer to the realized values.

Experiment 1
Incidence and Severity of Lesions. The incidence 

and severity of the NE lesions at d 15 and 16 is given 
in Table 4. No lesions were observed in the uninfected 

treatment on d 15 and 16. In the solely infected with E. 
maxima treatment, the incidence of birds scored with 
lesions was on average 10% on d 15 and 16. The inci-
dence of birds scored with lesions was on average 56% 
in the C. perfringens-infected treatments on d 15 and 
16. This was significantly higher (P < 0.001) than the 
uninfected treatment and the solely infected with E. 
maxima treatment. The incidence of birds scored with 
lesions was comparable among the infected treatments 
differing in Thr:Lys ratio with a range of 50 to 64% 
of birds with lesions. Lesion severity was statistically 
higher for the birds that were infected with E. maxima 
and C. perfringens compared with that of birds infected 
solely with E. maxima (P < 0.001). Lesion severity was 
comparable among the infected treatments differing in 
Thr:Lys ratio, with a severity ranging from 1.0 to 1.5.

No significant differences were observed for incidence 
and severity of lesions among the treatments on d 20. 
The incidence in the infected 0.69 Thr:Lys ratio treat-
ment group was 4% (one bird) with a mean severity of 
1.0. No lesions were observed in the other treatments.

Mortality. Mortality from d 9 to 20 (birds killed for 
lesion scoring not included) was highest for the infected 
0.63 ratio treatment (16%) and lowest for the unin-
fected treatment and infected 0.55 ratio treatment (2 
and 3%, respectively). The other treatments were in-
between with a mortality rate of 7% for the infected 
0.58 ratio treatment and 9% for the infected 0.69 and 
infected 0.72 ratio treatments, and solely infected with 
E. maxima treatment.

Production Performance. Results on BW (d 15, 16, 
and 20) and feed intake (d 14, 15, 16, and 20) are given 
in Table 5. At d 9, birds were randomly divided over 
treatments based on BW. One day after C. perfringens 
infection (d 15), no differences in BW were observed 
among uninfected and infected treatments. Two days 

Table 3. The intended and realized standardized digestible threonine:lysine ratio in the experimental 
grower diets 

Treatment
Lysine 
(g/kg)

Threonine 
(g/kg)

Thr:Lys ratio 
(realized)

Thr:Lys ratio 
(intended)

Experiment 1     
 1 10.5 6.6 0.63 0.65
 2 10.5 6.6 0.63 0.65
 3 10.6 5.8 0.55 0.56
 4 10.6 6.2 0.58 0.60
 5 10.5 6.6 0.63 0.65
 6 10.5 7.2 0.69 0.70
 7 10.4 7.5 0.72 0.75
Experiment 2     
 1 10.0 6.4 0.64 0.65
 2 10.0 6.4 0.64 0.65
 3 10.0 6.5 0.65 0.68
 4 10.0 6.7 0.67 0.71
 5 10.0 6.9 0.69 0.74
 6 10.0 7.2 0.72 0.77
Experiment 3     
 1 10.5 6.6 0.63 0.65
 2 10.8 7.2 0.67 0.70
 3 10.5 6.6 0.63 0.65
 4 10.8 7.2 0.67 0.70
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after C. perfringens infection (d 16), the highest BW 
was observed for the uninfected treatment, which was 
significantly higher (P < 0.05) compared with the in-
fected treatments. Birds infected solely with E. maxima 
only differed from the infected 0.58 ratio treatment. 
No differences were observed among the infected treat-
ments, but numerically, the highest and lowest BW were 
observed for infected birds fed a diet with a Thr:Lys 
ratio of 0.69 and 0.58, respectively. At d 20, the high-
est BW was still observed in the uninfected treatment. 
Among the infected treatments, the highest BW was 
observed for birds fed a diet with a Thr:Lys ratio of 
0.69 (not different from the uninfected treatment) and 
the lowest BW was observed for birds fed a diet with 
a Thr:Lys ratio of 0.58. The BW of the infected treat-
ments did not differ from each other.

On d 14, before infection with C. perfringens, a sig-
nificantly higher feed intake was observed in the un-
infected treatment, which was on average 24% higher 
compared with the treatment group that was infected 
solely with E. maxima and the treatment groups in-
fected with E. maxima and C. perfringens (P < 0.001). 
The highest reduction in feed intake was observed on 
d 15; on average, there was a 47% lower feed intake in 
the infected treatments compared with the uninfected 
treatment. On d 15 and 16, the infected treatments 
did not differ from each other. However, the infected 
0.69 ratio treatment had numerically the highest feed 
intake, and this continued on d 17 and 18 (data not 
shown). On d 20, feed intake was comparable between 
the infected and uninfected treatments.

Experiment 2

Incidence and Severity of Lesions. The incidence 
and severity of the NE lesions at d 15 and 16 are given 
in Table 4. No lesions were observed in the uninfected 
treatment on d 15 and 16. The incidence of birds scored 
with lesions was on average 70% in the infected 0.64 
ratio treatment group on d 15 and 16. This was signifi-
cantly higher (P < 0.001) than the uninfected treat-
ment group. The incidence of birds scored with lesions 
was comparable among the infected treatments differ-
ing in Thr:Lys ratio with a range of 69 to 82% in birds 
with lesions. Lesion severity was comparable among the 
infected treatments differing in Thr:Lys ratio with a 
severity ranging from 1.9 to 2.3.

No significant differences were observed for incidence 
and severity of lesions among the treatments on d 20. 
The highest incidence of 14% was observed for the in-
fected 0.67 Thr:Lys ratio treatment (3 birds) with a 
mean severity of 0.3. In the other infected treatments, 
incidence ranged from 4 to 12%.

Mortality. Mortality from d 9 to 20 (birds killed for 
lesion scoring not included) for the infected 0.64 ratio 
treatment was 16.7%. The highest and lowest mortali-
ties of 24 and 15% were observed for the infected 0.67 
ratio treatment and the infected 0.72 ratio treatment, 
respectively. No mortality was observed for the unin-
fected treatment.

Production Performance. Results on BW (d 15, 16, 
and 20) and feed intake (d 14, 15, 16, and 20) are given 
in Table 5. At d 9, birds were randomly divided over 

Table 4. Incidence of necrotic enteritis lesions (%) and severity of the lesions (mean at d 15 + 16) after a subclinical Clostridium 
infection in broilers fed different levels of threonine 

Treatment
Eimeria 
maxima1

Clostridium 
perfringens2 Thr:Lys ratio

Days 15 + 16

Incidence 
(%)

Lesion severity 
(mean)

Experiment 1      
 1 − − 0.63 0b 0.0b

 2 + − 0.63 10b 0.1b

 3 + + 0.55 53a 1.0a

 4 + + 0.58 64a 1.5a

 5 + + 0.63 54a 1.3a

 6 + + 0.69 50a 1.0a

 7 + + 0.72 60a 1.5a

P-value  <0.001 <0.001
Experiment 2    
 1 − − 0.64 0b 0.0b

 2 + + 0.64 69a 1.9a

 3 + + 0.65 82a 2.3a

 4 + + 0.67 75a 2.2a

 5 + + 0.69 75a 2.1a

 6 + + 0.72 78a 2.2a

P-value  <0.001 <0.001
Experiment 3    
 1 − − 0.63 0b 0.0b

 2 − − 0.67 0b 0.0b

 3 + + 0.63 67a 2.0a

 4 + + 0.67 68a 2.0a

P-value  <0.001 <0.001
a,bMeans with different superscripts within an experiment and column differ significantly (P < 0.05).
110,000 sporulated oocysts of Eimeria maxima in 1 mL.
21 × 108 cfu of Clostridium perfringens in 1 mL.
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treatments based on BW. One day after C. perfringens 
infection (d 15), no differences in BW were observed 
among the uninfected and infected treatments. Two 
days after C. perfringens infection (d 16), the highest 
BW was observed for the uninfected treatment, which 
was significantly higher (P < 0.001) compared with 
that of the infected treatments. No differences were 
observed among the infected treatments. Numerically, 
the highest BW among the infected treatments was 
observed for birds fed a diet with a Thr:Lys ratio of 
0.69. At d 20, the highest BW was still observed in the 
uninfected treatment group. The BW of the infected 
treatments did not differ from each other. Numerically, 
the highest BW among the infected treatments was ob-
served for birds fed a diet with a Thr:Lys ratio of 0.69 
(not different from the uninfected treatment group).

At d 14, before infection with C. perfringens, a signif-
icantly higher feed intake was already observed in the 
uninfected treatment group, which was on average 21% 
higher compared with that of the infected treatment 
groups (only coccidiosis infection). The highest reduc-
tion in feed intake was observed on d 15; on average, a 
60% reduction in feed intake in the infected treatments 
compared with that of the uninfected treatment. On d 
15 and 16, the infected treatments did not differ from 
each other. On d 20, feed intake was comparable be-
tween the infected and uninfected treatments.

Experiment 3
Incidence and Severity of Lesions. The incidence 

and severity of the NE lesions on d 15 and 16 are given 
in Table 4. No lesions were observed in the uninfected 
treatments with Thr:Lys ratios of 0.63 and 0.67. The 
incidence of birds scored with lesions was on average 67 
and 68% in the infected treatments with Thr:Lys ratios 
of 0.63 and 0.67, respectively. This was significantly 
higher (P < 0.001) than the uninfected treatments. Le-
sion severity was similar between the infected treat-
ments (severity of 2.0).

No significant differences were observed for incidence 
and severity of lesions among the treatments on d 20. 
The incidence was 2% for the infected 0.63 ratio treat-
ment group. In the infected 0.67 ratio treatment, no 
birds with lesions were observed.

Mortality. Mortality from d 9 to 37 (birds killed for 
lesion scoring not included) for the infected 0.63 ra-
tio treatment was 15.0%, which was comparable to the 
mortality rate of 16.0% in the infected 0.67 ratio treat-
ment. No mortality was observed for the uninfected 
treatments.

Production Performance. Results on production 
performance are given in Table 6. In the infection pe-
riod (d 9–20), a significant effect was observed for BW 
gain (infection; P < 0.001) and feed intake (infection 
× Thr:Lys ratio interaction; P < 0.01). Both infected 
treatments had lower BW gains and feed intakes com-
pared with those of the uninfected treatments. How-
ever, a higher Thr:Lys ratio (0.67) in the infected treat-T
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ment numerically improved BW gain and feed intake 
compared with those of the infected 0.63 ratio treat-
ment. The FCR was lower in the uninfected treatments 
compared with those of the infected treatments (P = 
0.081).

From d 21–37, a significant effect was observed for 
BW gain (infection; P < 0.01), feed intake (infection; P 
< 0.001), and FCR (infection; P < 0.05). Both infected 
treatments had lower BW gains, feed intakes, and FCR 
compared with those of the uninfected treatments. 
However, a higher Thr:Lys ratio (0.67) in the infected 
treatment group numerically improved BW gain and 
feed intake compared with those of the infected 0.63 
ratio treatment.

From d 9 to 37, a significant interaction was observed 
for BW gain (infection × Thr:Lys ratio interaction; P < 
0.05) and a near-significant trend for feed intake (infec-
tion × Thr:Lys ratio interaction; P = 0.070). Increase 
of the Thr:Lys ratio from 0.63 to 0.67 during infection 
improved BW gain and feed intake by 129 and 148 g, 
respectively. No difference was observed between the 
uninfected treatments, but these birds had on average a 
218-g higher BW gain compared with the infected 0.67 
ratio treatment group.

DISCUSSION
In the present study, it was shown that a higher 

Thr:Lys ratio in infected birds improved production 
performance during infection with C. perfringens. The 
requirement was determined in 2 dose-response experi-
ments and validated in a third experiment.

The threonine requirement as a ratio to lysine of 
healthy birds was studied (Kidd, 2000; Kidd et al., 
2001) as well as the requirement during systemic hu-
moral and cellular immune responses (MacDougall and 
Klasing, 1998; Corzo et al., 2007). Furthermore, it is 
known that a threonine deficiency will affect mucin se-

cretion and, thereby, thickness, viscosity, and integrity 
of the mucus layer (Horn et al., 2009). However, the 
threonine requirement of birds with intestinal problems 
is not yet known. Mucus production is increased when 
the intestinal wall is damaged. Mucus contains relative-
ly high threonine levels, suggesting that the threonine 
requirement in birds with intestinal problems will be 
increased compared with that of healthy birds. If this 
hypothesis is true, use of a standard Thr:Lys ratio suit-
ed for healthy animals will cause threonine deficiencies 
and, thereby, will increase the loss in performance af-
ter infection. If the threonine requirement is known for 
birds with intestinal problems, a higher Thr:Lys ratio 
can be applied for intestinal problems in periods of risk.

In the present study, the threonine requirement of 
broiler chickens challenged with E. maxima and C. per-
fringens in a subclinical Clostridium infection model 
was determined. Clostridium perfringens is an enteric 
pathogen for poultry, causing necrotic lesions and dam-
age to the mucus layer in the small intestine. The Clos-
tridium model that was applied in this study caused 
severe NE lesions in infected birds. In the 3 performed 
experiments, between 50 and 82% of the infected birds 
showed lesions, whereas none of the noninfected birds 
had lesions. Lesion severity and mortality were there-
fore also higher in infected birds. In none of the ex-
periments were the incidence and severity of the NE 
lesions in the infected birds affected by the Thr:Lys ra-
tio. These results indicate that increasing the Thr:Lys 
ratio had no effect on the incidence and severity of NE. 
It might be that the Clostridium infection model is too 
severe to reduce the incidence and severity by use of 
a higher Thr:Lys ratio. It can also be that this line of 
defense via mucus production does not protect against 
the infection as such.

During intestinal infection, the combination of a 
higher demand for threonine to produce mucus and a 
lower supply because of a reduction in feed intake will 

Table 6. Production performance of broilers fed different levels of threonine during a subclinical Clostridium infection (experiment 3) 

Item

Treatment1 P-value2

1: Uninfected  
Thr:Lys 0.63

2: Uninfected  
Thr:Lys 0.67

3: Infected  
Thr:Lys 0.63

4: Infected  
Thr:Lys 0.67 I T I × T

Day 9 to 20        
 BW gain (g) 592 603 427 457 <0.001 0.325 0.608
 Feed intake (g) 848a 821b 677c 699c <0.001 0.752 0.009
 FCR3 (g/g) 1.493 1.360 1.592 1.542 0.081 0.230 0.582
Day 21 to 37        
 BW gain (g) 1,537 1,515 1,349 1,448 0.002 0.344 0.119
 Feed intake (g) 2,724 2,730 2,288 2,413 <0.001 0.173 0.194
 FCR (g/g) 1.781 1.807 1.706 1.680 0.025 0.989 0.541
Day 9 to 37        
 BW gain (g) 2,129a 2,118a 1,776c 1,905b <0.001 0.116 0.050
 Feed intake (g) 3,572 3,551 2,965 3,113 <0.001 0.192 0.070
 FCR (g/g) 1.679 1.680 1.674 1.642 0.390 0.535 0.486

a–cMeans without common superscripts within a row differ significantly (P < 0.05).
1Treatments 3 and 4 were inoculated with 10,000 sporulated oocysts of Eimeria maxima in 1 mL at d 9 of age and with 1 × 108 cfu of Clostridium 

perfringens in 1 mL at d 14 of age.
2I = effect of infection; T = effect of Thr:Lys ratio.
3FCR = feed conversion ratio.
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lead to a systemic shortage of threonine. To increase 
amino acid supply, body protein will be broken down 
(Reeds and Jahoor, 2001) and production performance 
will decrease. From the experiments 1 and 2, it be-
came clear that inoculation with E. maxima and C. 
perfringens reduced feed intake on d 14 and d 15 and 
16, respectively. Besides, BW gain was decreased by C. 
perfringens infection on d 16 and was still observed at d 
20. These results of experiments 1 and 2 were combined 
and expressed as efficiency in Figure 1. Although differ-
ences between means were not significant, the optimum 
Thr:Lys ratio was around 0.68 based on the broken-line 
curve. It was decided that this ratio should be validated 
in a final experiment.

Validation of this Thr:Lys ratio in experiment 3 
clearly showed that a higher Thr:Lys ratio improved 
production performance of the infected birds, whereas 
it did not in the noninfected birds. In the infection pe-
riod from d 9 to 20 and thereafter from d 21 to 37, BW 
gain and feed intake were numerically higher for in-
fected birds with a Thr:Lys ratio of 0.67 compared with 
infected birds with a Thr:Lys ratio of 0.63. Overall, this 
resulted in an increased BW gain and feed intake of 
respectively 129 and 148 g with a higher Thr:Lys ratio 
over a production period of 37 d. This indicates that a 
higher Thr:Lys ratio during infection improves produc-
tion performance of broilers.

In the validation trial, however, BW gain of infected 
birds fed a diet with a Thr:Lys ratio of 0.67 was still 
218 g lower than the BW gain of the uninfected control 
birds at the end of the production period. In the valida-
tion trial, the difference in BW gain between the unin-
fected and infected birds with a Thr:Lys ratio of 0.63 
was 28% during the period of infection (d 9 to 20). This 
is in accordance with findings of Klasing et al. (1987), 
who showed that birds infected with Escherichia coli 
or lipopolysaccharide had on average a 30% lower BW 
gain compared with that of the uninfected birds. Klas-
ing showed that the most important effect of an infec-
tious challenge on growth was a decline in feed intake, 
accounting for two-thirds of the decline in growth rate. 
The remaining one-third was due to inefficient nutrient 
metabolism induced by the immune system. In the vali-
dation experiment, the difference in BW gain between 
uninfected birds with a Thr:Lys ratio of 0.63 and in-
fected birds with a Thr:Lys ratio of 0.67 was limited to 
23%. However, at the end of the production period, it 
still resulted in a lower performance compared with un-
infected birds. This might be caused solely by the lower 
feed intake or by the break-down of body protein for the 
immune system. A high proportion of the body protein 
loss may result from the excessive demand of specific 
amino acids for the acute-phase response (Reeds et al., 
1994). Several studies (MacDougall and Klasing, 1998; 
Mandal et al., 2006; Corzo et al., 2007; Maroufyan et 
al., 2010) in poultry have demonstrated the effect of 
threonine on immunity. The immune criteria used in 
these studies (i.e., acute phase response, cell-mediated 
immunity, humoral immunity, and immune organ de-

velopment) did not provide a plausible explanation for 
understanding the mode of action behind the increased 
threonine requirement. Data on growth and carcasses, 
however, suggested that an increased threonine require-
ment in the gut due to microbial challenges may likely 
be a reason (Corzo et al., 2007). Furthermore, the en-
dogenous threonine level in the gut is 1.5 to 2.5 times 
higher than endogenous lysine (Adedokun et al., 2007; 
Golian et al., 2008). This supports the hypothesis that 
threonine levels can be limiting during intestinal infec-
tion rather than lysine.

In conclusion, the present study showed that a higher 
Thr:Lys ratio will not prevent the incidence and sever-
ity of Clostridium lesions but will improve production 
performance during infection. In case of a Clostridium 
infection, mucus production is increased as part of the 
inflammatory response. As threonine is a major com-
ponent of intestinal mucins, the threonine requirement 
is increased during infection. The combination of a 
higher demand for threonine to produce mucus and a 
lower supply because of a reduction in feed intake will 
lead to a shortage of threonine. To increase the sup-
ply, body protein will be broken down and production 
performance will decrease. This explains why a higher 
Thr:Lys ratio did not prevent lesions but limited the 
reduction in BW gain and feed intake. It is advised to 
use a Thr:ys ratio of 0.67 to 0.70 (as standardized di-
gestibility) during intestinal Clostridium infection.
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