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Campylobacter jejuni remains a significant health concern in humans, with the 
consumption of contaminated poultry meat being the primary source. Nutritional 
virulence could be utilized to help reduce Campylobacter in poultry, specifically 
by reducing dietary iron (Fe) and phosphorus (P), which appear to be essential for 
Campylobacter growth and persistence, in combination with phytase supplementation 
to meet bird mineral requirements. We discuss the scientific basis of this hypothesis 
and present results of a small-scale proof-of-concept broiler study comprising: 
(1) control: mixed grain commercial diet; (2) added Fe- and inorganic phosphate 
(iP)-free premix: as control but formulated without Fe in the mineral premix and 
without added iP, with increased phytase [phytase unit (FTU)/kg per phase] and 
higher associated matrix values for Ca, metabolizable energy (ME), and digestible 
amino acids (AA) vs. control. Over the 42-day (d) trial, birds exhibited similar 
(non-significantly different) livability and growth performance. Average cecal 
Campylobacter loads were numerically 7.7-fold lower (87% reduction) in the 
added Fe- and iP-free treatment relative to the control [4.90 × 107 colony forming 
units (CFU)/g vs. 3.78 × 108 CFU/g, respectively; p-value = 0.12]. In addition, the 
range in recorded loads of Campylobacter was wide in both treatments, but 
the upper end of the range was 1 log10 units lower in added Fe- and iP-free vs. 
control (2.97 × 109 vs. 2.45 × 1,010), which suggests a reduced upper limit of 
colonization and reduction in average Campylobacter levels. Although caution 
is warranted on the numerical results, we believe they should encourage further 
ideations, investigations, and larger scale applications in the future.
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1 Introduction

Campylobacteriosis, caused predominantly by the gram-negative bacterium C. jejuni, is 
the most reported gastrointestinal disease among humans in the EU: ~46.9 cases per 100,000 
population were reported in 2022 (1). It is primarily a foodborne zoonotic disease acquired 
from the consumption of infected meat, especially poultry meat. Campylobacter is generally 
found in the avian gastrointestinal tract, residing predominantly and at high levels in the blind-
ended caeca [Beery et  al., 1988; (2)]. However, it can become pathogenic under certain 
situations, for example, among susceptible host populations (young or immunocompromised 
birds) under conditions of environmental stress or when birds are infected with certain 
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Campylobacter species that are always pathogenic. Numerous on-farm 
postharvest and processing control strategies have been developed, 
including biosecurity measures, feed and water additives, bacteriocins, 
bacteriophage therapy, vaccination, and processing interventions (3), 
but they are not optimally effective, and flock colonization rates often 
remain high. New Campylobacter control approaches are continuously 
being sought, and those that build upon existing measures used for 
other purposes could be advantageous from a cost standpoint. This 
perspective article considers the concept of utilizing nutritional 
modifications as a potential approach to reduce C. jejuni in broilers.

2 Nutritional modification as a 
potential tool for reducing 
Campylobacter

Nutritional virulence is the exploitation of host nutritional 
resources by pathogens to support their existence. As research 
continues to bridge the gap between nutrition and health, focus on 
nutritional virulence is growing. To date, research has demonstrated 
that certain dietary nutrients, often oversupplied in commercial diets, 
promote Campylobacter survival and persistence in the poultry 
digestive tract. Specifically, it has been shown that Fe is essential for 
Campylobacter colonization, growth, and virulence. Ferrous (Fe2+) and 
ferric (Fe3+) Fe stimulate biofilm formation, which contributes to the 
persistence and survival of C. jejuni under stress conditions (4). Miller 
et al. (5) characterized the cellular uptake and processing mechanisms 
through which host Fe sources are sequestered and utilized by C. jejuni 
for survival and proliferation. These Fe sources include both direct 
sources, such as host heme compounds and transferrin, from which 
Fe is extracted by C. jejuni via contact-dependent or surface receptor 
binding process (6), as well as indirect sources, involving the 
sequestration of Fe from siderophores secreted by other bacteria 
residing in the gut microbiome (7). It is plausible that precise control 
of the Fe content in the diet to the required dose could reduce 
Campylobacter growth and persistence by reducing access to free Fe. 
Furthermore, P is another nutrient critical for Campylobacter growth 
and colonization. It is utilized for intestinal adhesion as part of the 
high-affinity phosphate transporter PstSCAB, which has been 
identified as a target for potential C. jejuni control methods (8). It is 
supplemented in conventional broiler diets in the form of iP, often at 
levels far higher than bird requirements, according to NRC 
recommendations (9). This raises the question as to whether better 
optimization of diets for P availability could also enable 
Campylobacter control.

3 Supplemental phytase

More precise diet formulation, in which diets are optimized to 
meet but not exceed bird nutritional requirements, is a major area of 
current research among poultry nutritionists. This involves careful 
consideration of how diets are formulated (for example, the levels of 
total, available, or digestible nutrients) and the ingredients and feed 
additive biotechnologies to be included in the diet. Such research 
could be linked to the concept of reducing nutritional virulence. For 
example, microbially derived phytase is added routinely to broiler 
diets, primarily to increase the bioavailability of P, which is otherwise 

primarily bound within plant-based ingredients in the form of 
phytate (IP6, hexakisphosphate). The biochemical properties and 
activity for hydrolyzing phytate varies from one type to another (10), 
but its efficacy in broilers for increasing the digestibility of P and 
certain other nutrients is well documented [recently reviewed by 
(11)]. This efficacy enables the digestible P content of the diet [and 
that of other “released” nutrients, including calcium (Ca), AA, 
energy, and sodium (Na)] to be  reduced to prescribed amounts 
(known as “matrix values”) and accounts for the expected 
contribution of the enzyme. If added iP could be totally removed 
from the diet and replaced by phytase, as demonstrated in a proof-
of-concept study involving a phytase produced by Trichoderma reesei 
[PhyG, (12)], it might help reduce Campylobacter colonization, due 
to the bacteria’s dependence on P for successful colonization. 
Furthermore, phytate has a strong affinity for trace minerals at 
intestinal pH, forming difficult-to-digest complexes (13). This 
reduces the bioavailability of trace minerals in feed raw materials, 
even when present in quantities that would otherwise meet bird 
requirements. A fast-acting phytase with high activity at low pH can 
prevent trace mineral-phytate complex formation, thus reducing the 
need to supplement trace minerals in the diet (14). Hence, it is 
hypothesized that the reduction or removal of added Fe from an 
all-vegetable diet supplemented with phytase may also help reduce 
Campylobacter levels.

4 Early research findings

A small-scale research study conducted by the present authors to 
test the hypothesis that dietary removal of added Fe and iP, alongside 
appropriate phytase supplementation and matrix application to an 
all-vegetable diet, could lower cecal C. jejuni colonization without 
affecting the growth of broilers over 42 d. A completely randomized 
design with two treatments and three dietary phases (1 to 14, 15 to 28, 
and 29 to 42 ds of age) was employed. Treatments comprised: (1) 
commercial control: corn-wheat-soybean meal-based diet with 
phytase supplemented at 1,000 FTU/kg during all phases and with 
associated matrix values applied for available P, Ca, digestible AA, and 
ME; (2) added Fe- and iP-free: formulated without Fe in the mineral 
premix and without added iP, with phytase added at 3,000, 2,000, and 
2,000 FTU/kg per phase, and associated higher matrix values applied 
for Ca, ME, and digestible AA. Diets were fed ad libitum to 500 Ross 
308 male broilers housed in 20 floor pens with 25 birds/pen and 10 
pens/treatment. The phytase was a bacterial 6-phytase variant 
produced in T. reesei, supplied by Danisco Animal Nutrition & Health 
(IFF, Oegstgeest, Netherlands). The calculated and analyzed nutrient 
composition of the diet ingredients has been listed in Table 1. Birds 
were batch-tested for Campylobacter negativity prior to randomization, 
and all birds were exposed to the bacteria through oral challenge with 
~1.0 × 106 CFU/mL (~1.0 × 105 CFU/bird) of C. jejuni (JB strain, 
isolated from poultry) on d 14. Levels of C. jejuni in the ceca of birds 
at 42 ds of age (CFU/g) were determined by culture-dependent 
methods. All data were analyzed using JMP 16 software. Performance 
data (available upon request) were analyzed using one-way ANOVA 
with mean value segregation using Tukey’s Honest Significant 
Difference (HSD) test. The significance was defined as p-value < 0.05. 
Due to the nonparametric nature of microbial data, the Wilcoxon 
rank-sum test was used (Table 2).
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TABLE 1  Ingredients and calculated nutrient composition of the treatment diets, % as fed, unless otherwise stated.

Ingredients

Dietary phases

Starter
(1 to 14 ds of age)

Grower
(15 to 28 ds of age)

Finisher
(29 to 42 ds of age)

Control Added Fe- 
and iP-free

Control Added Fe- 
and iP-free

Control Added Fe- 
and iP-free

Corn 33.84 38.90 39.89 44.97 44.19 48.09

Wheat 10.00 10.00 10.00 10.00 10.00 10.00

Soybean meal 34.59 34.58 30.49 29.15 26.73 26.24

Rapeseed meal 5.00 5.00 5.00 5.00 5.00 5.00

Sunflower meal 2.26 2.18 1.83 2.01 2.56 2.56

Maize gluten meal 5.66 2.94 4.35 2.52 3.40 1.58

Soy oil 4.87 3.59 5.10 3.80 5.26 4.31

Limestone 0.27 1.46 0.52 1.24 0.64 1.01

Dicalcium phosphate 1.91 – 1.26 – 0.77 –

L-lysine HCL 0.34 0.29 0.29 0.27 0.27 0.24

DL-methionine 0.31 0.29 0.28 0.26 0.26 0.25

L-threonine 0.13 0.11 0.11 0.09 0.09 0.08

Mineral premix—with Fe1 0.17 – 0.12 – 0.12 –

Mineral premix—without Fe2 – 0.17 – 0.12 – 0.12

Vitamin premix3 0.05 0.05 0.05 0.05 0.05 0.05

Coccidiostat (amprolium) 0.01 0.01 0.05 0.05 0.05 0.05

Sodium bicarbonate 0.44 0.25 0.42 0.24 0.41 0.23

Sodium chloride 0.18 0.19 0.20 0.19 0.20 0.20

Phytase (PhyG), FTU/kg 1,000 3,000 1,000 2,000 1,000 2,000

Calculated nutrients

Metabolizable energy, kcal/kg 2,945 2,896 3,020 2,977 3,070 3,036

Crude fat 7.93 6.75 8.21 7.03 8.48 7.61

Starch 28.84 31.50 32.33 35.15 34.61 36.71

Calcium 0.80 0.71 0.70 0.61 0.60 0.52

Available phosphorus 0.35 0.14 0.27 0.13 0.21 0.12

Total P 0.81 0.42 0.65 0.40 0.55 0.39

Crude protein 25.07 23.71 22.75 21.44 20.98 19.91

Digestible Lys 1.32 1.27 1.18 1.13 1.08 1.04

Digestible Met + Cys 1.00 0.94 0.92 0.86 0.86 0.81

Digestible Thr 0.88 0.83 0.79 0.74 0.72 0.68

Digestible Trp 0.23 0.23 0.21 0.20 0.19 0.19

Digestible Arg 1.40 1.37 1.27 1.22 1.17 1.14

Digestible Val 1.00 0.95 0.91 0.86 0.84 0.80

Phytate phosphorus 0.31 0.31 0.30 0.30 0.29 0.29

Analyzed constituents

Iron, mg/kg 208 134 163 106 146 80

Phytase, FTU/kg 979 3,219 1,243 2,049 907 2,053

Calculated based on CVB feed Table 2021 (20).
1Supplied per kilogram of diet: K Manganese (Mn), 120 mg; Zinc (Zn), 120 mg; Iron (Fe), 20 mg; Copper (Cu), 16 mg; Selenium (Se), 0.3 mg; and Iodine (I), 1.25 mg.
2Supplied per kilogram of diet (0.17% in starter diets at 0.12% in grower and finisher diets): 0.1% of the premix equates to Manganese (Mn), 120 mg; Zinc (Zn), 120 mg; Iron (Fe), 0 mg; 
Copper (Cu), 16 mg; Selenium (Se), 0.3 mg; and Iodine (I), 1.25 mg.
3Vitamin premix per kilogram of finished feed: vitamin A, 3,750 IU; vitamin D3, 2000 IU; vitamin E, 16 IU; vitamin B12 (cobalamin), 10 μg; biotin, 0.08 mg; menadione, 1.25 mg; thiamine, 
1.0 mg; riboflavin, 3.5 mg; d-pantothenic acid, 6.0 mg; vitamin B6, 1.5 mg; niacin, 27.5 mg; folic acid, 0.5 mg.
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Results from this small-scale experiment revealed that overall (0 
to 42 d) growth performance—final body weight, body weight gain, 
mortality, and body weight-corrected feed conversion ratio—and 
livability did not differ significantly between the added Fe- and iP-free 
and control treatments (2,655 g/bird vs. 2,525 g/bird; 2,613 g/bird vs. 
2,482 g/bird; 1.546 vs. 1.554; and 96.4% vs. 94.8%, respectively; 
p-value < 0.05 in all cases). Meanwhile, there was a 7.7-fold (87%) 
reduction in the average cecal C. jejuni load in the added Fe- and 
iP-free treatment relative to the control at 42 ds of age 
(4.90 × 107 CFU/g vs. 3.78 × 108 CFU/g, respectively; p = 0.12), as 
shown in Table 2. In addition, although the range in colonization loads 
was high (coefficient of variation was 45% among control-fed birds 
and 50% among birds fed the added Fe- and iP-free treatment), the 
upper end of the range was 1 log10 units lower in the added Fe- and 
iP-free treatment relative to the control 2.97 × 109 vs. 2.45 × 1010, 
respectively.

5 Discussion

It is well known in the scientific community that C. jejuni counts 
in the broiler gut (especially in the ceca and feces) vary substantially 
between individual birds, even when birds are reared under 
controlled or standardized conditions (15). This often results in broad 
ranges or confidence intervals for group mean values, as observed in 
our study. Given this, it was considered that a 7.7-fold numerical 
reduction in mean cecal loads is of material interest. We  also 

estimated that the average cecal C. jejuni load exhibited by the added 
Fe- and iP-free birds at 42 ds of age was below the level set by The 
European Food Safety Authority (EFSA) in 2011 as constituting an 
increased public health risk [>1,000 CFU/gram on broiler neck skin 
(16), equivalent to ~1 × 108 CFU/g in the ceca according to the 
studies by (17, 18)]. This highlights the need for exhaustive additional 
research to evaluate the effect of dietary Fe, P, and phytase 
intervention on Campylobacter colonization in a larger-scale setting. 
The study design limited the possibility of separating the effects of the 
individual components of the intervention (Fe reduction, iP removal, 
and phytase supplementation) on bird responses. However, a reduced 
capacity of C. jejuni to colonize the cecum when dietary Fe and P 
were reduced is consistent with the existing (aforementioned) 
research, implicating Fe and P as nutritional virulence factors for the 
bacterium. The maintenance of growth performance in the added 
Fe- and iP-free-fed birds at a level not significantly different from that 
achieved by control-fed birds was likely afforded through the 
application of a higher dose of phytase supplementation (tiered by 
phase to reflect the higher nutrient requirements of younger birds).

The study we have presented provides suggestive evidence that 
small modifications to the diet composition to lower nutritional 
virulence factors, in combination with phytase supplementation, can 
help reduce C. jejuni colonization. These results suggest that targeted 
nutritional modifications can be potentially used as an additional 
approach to improve food safety, which has been overlooked until 
now. The authors recognize that individual variation among animals 
and a combined strategy approach limit the study findings. This 

TABLE 2  Descriptive statistics on the effect of treatment on cecal colonization and categorized cecal loads** of Campylobacter jejuni at 42 ds of age.

Cecal C. jejuni colonization
Treatment

Control Added Fe- and iP-free

 � Mean* 3.78 × 108 4.90 × 107

 �   Mean (log10CFU/g1) 8.58 7.69

 �   SD of all measurements (10 birds per pen) 2.26 2.29

 �   SE of all measurements (10 birds per pen) 0.226 0.229

 �   SD of pen average (10 pens per treatment) 0.72 0.61

 �   SE of pen average (10 pens per treatment) 0.228 0.193

 �   Average CV per pen (individual bird variation) 45.0% 50%

 �   Average CV of pens (between pen variation) 14.1% 13.1%

 � Median 2.26 × 105 1.88 × 105

 � Range 0.00 to 2.45 × 1010 0.00 to 2.97 × 109

 � Rate (% positive birds out of 100 sampled) 88 84

Categories**

 � Negative 12 16

 �   <1 × 105 CFU/g 20 24

 �   1 × 105 to 1 × 106 CFU/g 38 40

 �   1 × 106 to 1 × 107 CFU/g 17 11

 �   1 × 107 to 1 × 108 CFU/g 7 7

 �   >1 × 108 CFU/g 6 2

1Enumerated using culture-dependent methods. In brief: 10-fold serial dilutions of a 1 μL aliquot of cecal digesta in De Man–Rogosa–Sharpe broth were performed in a 96-well culture plate. 
The diluted samples were spread onto Campy-Cefex Agar plates (ThermoFisher Scientific) and incubated at 42 °C under microaerophilic conditions for 48 h prior to enumeration.
*Wilcoxon rank sum test on pen averages: p-value = 0.123.
**Chi-square test on categories (associationTest() function in R): p-value = 0.511.
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variation is common to Campylobacter studies, as seen in previous 
published work, including Humphrey et al. (19). Hence, increasing 
replication power and conducting larger field-scale studies would help 
advance the ideas proposed herein and enhance our understanding.
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