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ABSTRACT Gnotobiotic broiler chickens were used
to study interactive effects of supplemented phospho-
rus, calcium (PCa), and phytase (Phy) on myo-inositol
1,2,3,4,5,6-hexakis (dihydrogen phosphate) (InsP6)
degradation and release of myo-inositol in the diges-
tive tract. In 2 subsequent runs, the chickens were
subjected to 1 of 4 dietary treatments with and with-
out PCa and Phy supplementation. Sanitized eggs were
hatched in 8 germfree isolators, and a minimum of 9
male Ross 308 chickens were placed in each pen (to-
tal 16 pens). Treatments implemented on day 10 in-
cluded gamma-irradiated diets without (PCa−; 4.1 g
P and 6.2 g Ca/kg DM) or with (PCa+; 6.9 g P and
10.4 g Ca/kg DM) monosodium phosphate and lime-
stone supplementation and without (Phy−) or with
(Phy+) 1,500 FTU Phy/kg feed in a factorial arrange-
ment. On day 15, digesta was collected from different
sections of the intestinal tract and analyzed for InsP
isomers and myo-inositol. The isolators did not remain
germfree, but analysis of contaminants and results of
InsP degradation indicated no or minor effects of the

identified contaminants. Prececal InsP6 disappearance
was 42% with the PCa−Phy− treatment and 17%
with PCa+Phy−. No InsP3–4 isomers were found in
the digesta of the terminal ileum in PCa−Phy−. The
concentration of myo-inositol in the ileal digesta from
PCa−Phy− (6.1 μmol/g DM) was significantly higher
than that from PCa+Phy− (1.7 μmol/g DM), suggest-
ing rapid degradation of the lower InsP isomers by mu-
cosal phosphatases and their inhibition by PCa. Phy-
tase supplementation increased InsP6 disappearance
and prevented inhibitory effects of PCa supplements
(72% in PCa−Phy+ and 67% in PCa+Phy+). How-
ever, PCa supplementation reduced the degradation
of lower InsP isomers mainly in the posterior intestinal
sections in the presence of Phy, resulting in significantly
lower myo-inositol concentrations. It is concluded that
mucosa-derived phosphatases might significantly con-
tribute to InsP6 degradation in broiler chickens. The
potential of mucosa-derived phosphatases to degrade
InsP6 and lower InsP is markedly reduced by dietary
PCa supplementation.
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INTRODUCTION

Phosphorus (P) is important for the growth and
well-being of poultry. In diets based on plant raw
materials, P has only limited availability for non-
ruminants. The main source of P is in the salt form of
phytic acid [myo-inositol 1,2,3,4,5,6-hexakis (dihydro-
gen phosphate); InsP6], called phytate (Eeckhout and
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de Paepe, 1994; Rodehutscord et al., 2016). The phos-
phate groups are cleaved from the phytate molecule
by phytase (Phy) (myo-inositol hexaphosphate phos-
phohydrolases) and other phosphatases. This process
hydrolyzes phytate into inositol phosphate (InsP)
isomers of different phosphorylated states (InsP1–5),
with myo-inositol (MI) and phosphate as the end
products.

To meet the P and calcium (Ca) requirements of
broiler chickens, mixtures of mineral P, limestone, and
Phy are commonly added to poultry diets. When corn
and soybean meal diets with low P and Ca concen-
trations were fed to broilers, there was high potential
for InsP6 degradation, even without supplemented Phy
(Applegate et al., 2003; Tamim et al., 2004; Zeller et al.,
2015a). However, the addition of P and Ca reduced the
degradation of InsP6 and lower InsP isomers (Shastak
et al., 2014), an effect that could be partly compensated
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by the addition of high Phy doses (Zeller et al., 2015b;
Sommerfeld et al., 2018b).

The high potential for InsP6 degradation in the ab-
sence of dietary Phy is likely attributed to endogenous
Phy and other phosphatases produced by the intestinal
epithelium or resident microbiota in the digestive tract
of the broiler chicken. Kerr et al. (2000) found that mi-
croorganisms contributed significantly to InsP6 degra-
dation in the ceca of broiler chickens. Other authors ar-
gued that the contribution of intestinal mucosa-derived
Phy are contained within the epithelial membrane and,
therefore, have minimal contribution to InsP6 degra-
dation in the digestive tract of broilers (Rodehutscord
and Rosenfelder, 2016). In one study with germfree rats,
the phytate provided with feed was completely recov-
ered in the feces (Wise and Gilburt, 1982). In a con-
tradictory study, 54% of the phytate disappeared be-
fore the lower small intestine (Miyazawa et al., 1996).
The reasons for the discrepancy between these stud-
ies is not clear. Overall, InsP6 degradation studies do
not distinguish between the role of epithelial-derived or
microbiota-derived enzymes.

The first objective of this study was to investigate
InsP6 breakdown and, for the first time, appearance of
lower InsP isomers and MI in different sections of the
digestive tract of gnotobiotic broiler chickens. Our hy-
pothesis was that InsP6 disappearance in the digestive
tract is low based on the assumption that intestinal mi-
crobiota makes a large contribution to enzymatic activ-
ity. The second objective was to investigate interacting
effects of supplemented P, Ca, and microbial Phy in
gnotobiotic broiler chickens.

MATERIALS AND METHODS

Birds and Germfree Assembly

This work was approved by the University of
Saskatchewan’s Animal Research Ethics Board and ad-
hered to the Canadian Council on Animal Care (1993,
2009) guidelines for humane animal use.

The study was carried out in 2 subsequent runs.
In run 1, a total of 320 Ross 308 eggs were sanitized
by emersion in 0.3% sodium hypochlorite and placed
in incubators. Meanwhile, 4 germfree isolators were
assembled and packed with autoclaved equipment and
animal feed. Each isolator contained 2 pens (58 ×
30 cm2 ground area each) and 4 pairs of gloves for
handling birds and equipment. The isolators were then
sealed, fumigated with formaldehyde and maintained
under positive pressure with HEPA-filtered air.

After 17 days of incubation, fertile eggs were sanitized
again in 0.3% sodium hypochlorite. The eggs were split
into 4 groups (1 × 57 eggs and 3 × 56 eggs), and each
group was aseptically placed in 1 isolator through a
portal sterilized with peracetic acid (2%). Temperature
was maintained at 36◦C until hatching (hatching rate
ranged between 63 and 75%). After hatching, the birds
were sexed, and the males were assigned to 1 of 2 pens

within each isolator (10 birds/pen in 2 isolators and 9
and 10 birds/pen in 2 isolators). Females were killed by
cervical dislocation and removed from the isolator to-
gether with the egg shells. The birds were kept on mesh
floors to avoid excreta ingestion. The birds were fed a
starter diet with adequate levels of all nutrients from
day 1 to day 10 and the experimental diets from day
10 to day 15. To avoid carry-over of supplemented Phy
on Phy-free diets, chickens in 2 isolators per run were
assigned to Phy− diets and chickens in the remaining
2 isolators assigned to Phy+ diets. Birds in each pen in
each isolator were assigned to supplemented phospho-
rus, calcium (PCa)− or PCa+ diets. Feed and water
were provided for ad libitum consumption for the dura-
tion of the experiment. The lighting program was 24 L:0
D from hatch to day 4, and 18 L:6 D from day 4 until
the last day, day 15. The temperature in the isolators
was set at 34◦C on day 1 and was gradually decreased
to 28◦C on the last day.

Swabs of the peri-cloacal region of randomly selected
birds were taken every 2 days and incubated in sterile
soybean-casein digest broth (BBL Trypticase Soy
Broth, Becton, Dickinson and Company, Sparks, MD,
USA) that was maintained inside the isolators. At the
end of the study, to test for bacterial contamination,
a subsample of the broth was spread on Trypticase
Soy Agar and incubated under both aerobic and
anaerobic (10% CO2, 10% H2, 80% N2) conditions
for 48 h at 37◦C. Genomic DNA was extracted from
multiple colonies, amplified using universal 16S rRNA
gene primers, and the resulting amplicon sequenced.
Identity of contaminants was determined with the
use of the classifier tool available at RDP Ribosomal
Database Project (http://rdp.cme.msu.edu).

In run 2, that was started 1 wk after completion of
run 1, a total of 357 eggs were incubated, and 65 eggs
were placed in each isolator. After hatching, all pens
were stocked with 10 male birds (hatching rate was
between 78 and 94%). All other procedures were con-
ducted as described for run 1.

Diets and Treatments

Chickens were fed diets based on solvent-extracted
soybean meal and corn (Table 1) because of their low
intrinsic Phy activity (Eeckhout and de Paepe, 1994;
Delia et al., 2011; Rodehutscord et al., 2016). This al-
lowed us to examine enzyme activity specific to endoge-
nous mucosa-derived phosphatases. Diets were calcu-
lated to contain adequate levels of all nutrients (except
for Ca and P) according to the recommendations of the
Gesellschaft für Ernährungsphysiologie (1999). Calcu-
lated concentrations of CP and ME were 251 g/kg DM
and 13.5 MJ/kg DM, respectively. Titanium dioxide
(5 g/kg) was included in the diets as an indigestible
marker. A premix of vitamins A, D, and E was supple-
mented to avoid vitamin loss during feed irradiation.
The study involved a 2 × 2-factorial arrangement of

http://rdp.cme.msu.edu
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Table 1. Ingredient and analyzed composition of the experimen-
tal diets1 fed from day 10 to day 15.

Ingredient, g/kg PCa−2 PCa+2

Corn 539.8 539.8
Soybean meal 399.1 399.1
Soybean oil 15.0 15.0
DL-Methionine 2.0 2.0
Monosodium phosphate – 10.5
Sand 18.0 –
Limestone 10.0 19.5
Sodium chloride 1.0 1.0
Choline chloride 2.0 2.0
Sodium bicarbonate 3.0 1.0
Vitamin/Mineral mix3 5.0 5.0
Vitamin mix (A,D,E)4 0.2 0.2
Titanium Dioxide 5.0 5.0

Analyzed composition Phy− Phy+ Phy− Phy+
Total P, g/kg DM 4.9 4.9 7.9 7.9
InsP6-P, g/kg DM 3.0 3.0 3.0 3.0
Ca, g/kg DM 6.5 6.2 10.5 10.7
Myo-inositol, μmol/g DM 0.9 0.9 0.9 0.9
Ins(1,2,3,4,5)P5

5, μmol/g DM 0.5 0.5 0.5 0.6
Ins(1,2,4,5,6)P5

5, μmol/g DM 0.9 1.0 0.9 1.0
InsP6

5, μmol/g DM 16.4 16.0 16.0 16.4
Phytase activity, FTU/kg6 <507 1,060 <507 1,250

1Calculated composition: PCa−, 4.1 g P/kg DM and 6.2 g Ca/kg DM;
PCa+, 6.9 g P/kg DM and 10.4 g Ca/kg DM; Phy−, 0 FTU/kg; Phy+,
1,500 FTU/kg as fed.

2With or without supplemented 1,500 FTU/kg of a modified, Es-
cherichia coli derived 6-phytase (Quantum Blue).

3Broiler Premix (DSM, Ayr, Ontario, Canada) provided per kg of
complete diet: 11,000 IU vitamin A, 2,000 IU vitamin D, 30 IU vitamin
E, 2 mg menadione, 1.5 mg thiamine, 6 mg riboflavin, 4 mg pyridoxine,
0.02 mg vitamin B12, 60 mg niacin, 10 mg pantothenic acid, 0.6 mg folic
acid, 0.15 mg biotin, 10 mg copper from copper sulphate, 80 mg iron
from ferrous sulphate, 80 mg manganese from manganous oxide, 0.8 mg
iodine from calcium iodate, 80 mg zinc from zinc oxide, 0.3 mg selenium,
500 mg calcium carbonate.

4Vitamin A, D, and E premix (DSM, Ayr, Ontario, Canada) provided
per kg complete diet: 9,000 IU Vitamin A, 2,000 IU Vitamin D3, 15 IU
Vitamin E.

5No other InsP isomers were detected.
6Determined at pH 4.5 and 60◦C.
7Below limit of detection when determined at pH 5.0 and 45◦C ac-

cording to Greiner and Egli (2003).

treatments (2 PCa levels and 2 Phy levels) and included
diets without PCa (PCa−, calculated 4.1 g P/kg DM
and 6.2 g Ca/kg DM) or with (PCa+, calculated 6.9 g
P/kg DM and 10.4 g Ca/kg DM) monosodium phos-
phate and additional limestone supplementation, and
without (Phy−) or with (Phy+) 1,500 FTU Phy/kg
feed (modified Escherichia coli derived 6-Phy; Quan-
tum Blue, AB Vista, Marlborough, UK). The experi-
mental diets were produced by first mixing the main in-
gredients and then adding a premix of the minor ingre-
dients. These mixes were divided into 2 parts. Each part
was then supplemented with the microbial Phy product
or remained without the supplement. The mash diets
were sterilized by gamma irradiation (50 kGy; Nordion
Inc., Laval, Quebec, Canada). Representative samples
of each diet were pulverized by a vibrating cup mill
(PULVERISETTE 9, Fritsch GmbH, Idar-Oberstein,
Germany). The analyzed Phy activity was 1,060 and
1,250 FTU/kg feed (Table 1) and, hence, was lower than
formulated but similar for respective treatments. The
experimental diets contained similar concentrations of

InsP5 and InsP6. Other InsP isomers were not detected
in the diets.

Sampling and Measurements

To standardize feed intake and filling of the birds’
crops, feeders were removed from the pens 2 h be-
fore slaughter and replaced 1 h before slaughter. Birds
were sacrificed by cervical dislocation and weighed in-
dividually. Digesta from the following sections of di-
gestive tract was collected: crop, proventriculus and
gizzard together (pro+giz), duodenum and jejunum
together (duo+jej), the terminal part of the ileum (last
two-thirds of the section between Meckel’s diverticu-
lum and 2 cm prior the ileo-ceco-colonic junction), and
both ceca. Digestive tract segments of all animals in
a single pen were collected and pooled. Prior to col-
lection, the crop was clamped with an arterial clamp
to prevent emptying. The crop and pro+giz were then
opened and upended, and the digesta was gently re-
moved using a spatula without scraping the mucosa.
Digesta from intestinal sections was rinsed with cold
double-distilled water. All samples were immediately
frozen at −80◦C and later freeze-dried. Samples were
pulverized by a vibrating cup mill (PULVERISETTE
9, Fritsch GmbH, Idar-Oberstein, Germany). Pulver-
ized samples were stored in airtight containers at below
6◦C until analysis.

Chemical Analysis

Ground feed samples were analyzed for DM ac-
cording to the official method in Germany (method
no. 3.1) (Verband Deutscher Landwirtschaftlicher
Untersuchungs- und Forschungsanstalten (VDLUFA),
2007). Pulverized feed and digesta samples were
analyzed for P, Ca, and Ti by inductively coupled
plasma-optical emission spectrometry following wet
digestion, using a modified method of Boguhn et al.
(2009), described in detail by Zeller et al. (2015a).
Extraction and measurement of InsP3−6 isomers in
feed and digesta were carried out using the method of
Zeller et al. (2015a) with slight modifications. Samples
were extracted twice with a solution of 0.2 M EDTA
and 0.1 M sodium fluoride (pH of 8; 4◦C) for 30 min
under agitation and were then centrifuged after each
extraction at 12,000 × g for 15 min. The respective
supernatants were combined, and a 1 mL sample was
centrifuged at 14,000 × g for 15 min, filtered, and
centrifuged again at 14,000 × g for 30 min. Filtrates
were analyzed using high-performance ion chromatog-
raphy and UV detection at 290 nm after a post-column
reaction with Fe(NO3)3 in HClO4 using an ICS-3000
system (Dionex, Idstein, Germany). By using this
methodology, separation of enantiomers is not possible
and, therefore, we were unable to distinguish between
the D- and L-forms. Some InsP3 isomers could not be
identified because standards were unavailable. A clear
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discrimination of the isomers Ins(1,2,6)P3, Ins(1,4,5)P3,
and Ins(2,4,5)P3 was not possible because of co-elution;
therefore, in this study, we used the term InsP3x for the
InsP3 isomers of unknown proportion. InsP6 was used
for quantification, and correction factors for differences
in detector responses for InsP3–5 were used according to
Skoglund et al. (1997). Myo-inositol in feed and digesta
samples was analyzed according to Sommerfeld et al.
(2018a) using a gas-chromatograph/mass spectrometer
after derivatization of the samples. Feed samples were
analyzed for supplemented Phy activity (Enzyme Ser-
vices and Consultancy, Cordova, TN, USA). Enzyme
activity was measured using the analytical method of
the enzyme producer (pH 4.5; 60◦C), and values were
converted to FTU by a validated conversion factor.
Treatments without supplemented Phy were addition-
ally analyzed for the activity of intrinsic Phy by a
direct incubation method according to Greiner and
Egli (2003). In brief, samples were incubated in sodium
acetate buffer containing 100 μmol sodium phytate at
pH 5.0 and 45◦C. Liberated inorganic phosphate was
measured spectrophotometrically using ammonium
molybdate within an incubation period of 20–40 min.

Calculations and Statistical Analysis

The disappearance of InsP6, P, and Ca was calculated
based on the analyzed concentration of InsP6, P, Ca,
and Ti in the feed and digesta. The following generally
accepted equation was used:

y(X) = 100 − 100

∗
(

Ti in feed(g/kg DM)
Ti in digesta(g/kg DM)

∗ X in digesta
X in feed

)
,

where y(X) is the disappearance of X in %, and X is
InsP6 or P or Ca in g/kg DM. InsP6 disappearance was
not calculated for pro+giz and ceca. In pro+giz, the
marker does not properly represent the particles owing
to different particle sizes (Zeller et al., 2015a). Only a
small proportion of the digesta enters the ceca, specif-
ically small or soluble particles (Svihus et al., 2013),
suggesting that InsP6 disappearance in relation to in-
take cannot be accurately calculated in the ceca.

The concentration of disappeared P and Ca(y) was
calculated as follows:

y =
(P or Ca disappearance ∗ P or Ca content in feed)

100
,

where y is in g/kg DM, P or Ca disappearance is in %,
and P or Ca content in feed is in g/kg DM.

All data were subjected to a 2-factorial analysis of
variance using the MIXED procedure of the software
package SAS (version 9.3; SAS Institute Inc., Cary,

North Carolina). The pen was considered as the ex-
perimental unit. The following model was chosen:

Yijkl = μ+αi +βj + (αβ)ij + runk + isolatorl + εijkl,

where Yijkl is the response variable, μ is the overall
mean, αi is the fixed effect of PCa addition i, βj is the
fixed effect of Phy addition j, run is the random effect
of the experimental run k, isolator is the random effect
of the isolator l, and εijkl is the residual error. Statistical
significance was declared at P < 0.05.

RESULTS AND DISCUSSION

Germfree Status

The aim of the present study was to investigate InsP
degradation in germfree broiler chickens and under-
stand the contribution of mucosa-derived phosphatases
to InsP degradation. However, the isolators in both runs
did not remain germfree. Two contaminants were de-
tected using DNA sequencing. In run 1, Enterococcus
faecalis was found in 3 out of 4 isolators and a Pseu-
domonas sp. was found in 2 isolators. In run 2, E. fae-
calis was found in 2 isolators, and a Pseudomonas sp.
was found in all 4 isolators. Contamination was likely
caused by bacterial penetration of the eggshell prior to
sterilization. Pseudomonas aeruginosa, for example, is
a common egg spoilage organism (Berrang et al., 1999).

Enterococcus faecalis is not known to produce Phy
(Yanke et al., 1998), but some Pseudomonas species
are known to produce Phy (Young-Hoon et al., 2002).
Because it was not possible to specify the Pseudomonas
species in the present study, it cannot be ruled out
that the isolators and birds were contaminated with
Phy producers. However, a Pseudomonas sp. was not
found in the 2 isolators with Phy− treatments in run 1.
The SEM of the results from the Phy− treatments in
the isolators with and without Pseudomonas sp. con-
tamination was similar to that in previous experiments
with conventional birds, and, thus, we concluded with
caution that the effect of contamination was not signifi-
cant. Therefore, InsP degradation detected in the Phy−
treatments can be ascribed to mucosa-derived Phy and
other phosphatases. Consequently, the focus of the fol-
lowing discussion is related to mucosa-derived enzymes.

InsP Degradation Along the Digestive Tract
of Gnotobiotic Broiler Chickens

To our knowledge, for the first time, we show the
degradation pathway of InsP in the digestive tract of
gnotobiotic broiler chickens. Overall, the results demon-
strate a high potential contribution by mucosa-derived
enzymes to InsP degradation in broiler chickens. The
results cast into doubt our hypothesis that microbiota-
derived Phy and other phosphatases contribute more to
InsP degradation than mucosa-derived enzymes.
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Table 2. Effect of P, and Ca (PCa), and phytase (Phy) supplementation on InsP6, P and Ca disap-
pearance up to the crop, duodenum and jejunum (Duo+Jej), and terminal ileum of broiler chickens
fed the experimental diets from day 10 to day 151.

Dietary treatment2 P-values

PCa− PCa+

Phy− Phy+ Phy− Phy+
Pooled
SEM PCa Phy PCa × Phy

InsP6 disappearance
Crop, % 7 13 4 21 2.74 0.386 0.001 0.063
Duo+Jej, % 35b 72a 11c 63a 3.04 <0.001 <0.001 0.040
Ileum, % 42b 72a 17c 67a 2.17 <0.001 <0.001 0.001

P disappearance
Duo+Jej, % 6 34 33 44 6.16 0.007 0.006 0.149
Duo+Jej, g/kg DM 0.3 1.6 2.6 3.5 0.35 <0.001 0.003 0.500
Ileum, % 55c 73a 60b 72a 1.28 0.070 <0.001 0.015
Ileum, g/kg DM 2.7 3.6 4.8 5.7 0.08 <0.001 <0.001 0.834

Ca disappearance
Duo+Jej, % 49 54 34 41 2.01 <0.001 0.003 0.476
Duo+Jej, g/kg DM 3.2b 3.3b 3.5b 4.4a 0.17 0.001 0.006 0.024
Ileum, % 69 75 57 58 1.77 <0.001 0.021 0.055
Ileum, g/kg DM 4.5 4.7 6.0 6.2 0.17 <0.001 0.219 0.854

1Data are given as treatment means; n = 4 pens.
2Calculated composition: PCa−, 4.1 g P/kg DM and 6.2 g Ca/kg DM; PCa+, 6.9 g P/kg DM and 10.4 g Ca/kg

DM; Phy−, 0 FTU/kg; Phy+, 1,500 FTU/kg as fed.
a–cMeans within a row not showing a common superscript differ (P < 0.05).

Table 3. Effect of P, and Ca (PCa), and phytase (Phy) supplementation on concentrations of InsP
isomers and myo-inositol (μmol/g DM) in the crop and in proventriculus and gizzard of gnotobiotic
broiler chickens fed the experimental diets from day 10 to day 151.

Dietary treatment2 P-values

PCa− PCa+

Phy− Phy+ Phy− Phy+
Pooled
SEM PCa Phy PCa × Phy

Crop
InsP6 15.0 13.9 14.9 12.9 0.31 0.059 <0.001 0.097
Ins(1,2,4,5,6)P5 0.9 0.6 0.9 0.5 0.03 0.427 <0.001 0.131
Ins(1,2,3,4,5)P5 0.5 0.5 0.6 0.6 0.02 0.001 0.293 0.293
Ins(1,2,3,4,6)P5 0.2 <LOQ3 0.2 n.d.4 0.04 0.391 – –
Ins(1,2,5,6)P4 n.d. 1.0 n.d. 2.5 0.25 0.001 – –
InsP3x

5 n.d. 0.2 n.d. 0.5 0.03 0.003 – –
Myo-inositol 1.0 1.0 0.8 0.9 0.03 0.003 0.165 0.474

Proventriculus+Gizzard
InsP6 9.0 2.7 8.9 1.8 0.19 0.022 <0.001 0.057
Ins(1,2,4,5,6)P5 0.4 0.3 0.5 0.2 0.04 0.169 <0.001 0.063
Ins(1,2,3,4,5)P5 0.3 0.8 0.3 0.5 0.07 0.066 <0.001 0.066
Ins(1,2,5,6)P4 n.d. 3.2 n.d. 3.3 0.21 0.528 – –
InsP3x

5 n.d. 0.7 n.d. 0.9 0.30 0.161 – –
Myo-inositol 0.6b 1.0a 0.4c 0.6b 0.05 <0.001 <0.001 0.023

1Data are given as treatment means; n = 4 pens.
2Calculated composition: PCa−, 4.1 g P/kg DM and 6.2 g Ca/kg DM; PCa+, 6.9 g P/kg DM and 10.4 g Ca/kg

DM; Phy−, 0 FTU/kg; Phy+, 1,500 FTU/kg as fed.
3<LOQ, not quantifiable in the majority of samples.
4n.d., not detectable in the majority of samples.
5At least one of the following isomers: Ins(1,2,6)P3, Ins(1,4,5)P3, Ins(2,4,5)P3.
a–cMeans within a row not showing a common superscript differ (P < 0.05).

Crop In the crop, InsP6 disappearance was over-
all low when Phy was not supplemented to the feed
(Table 2). In Phy− treatments, there was a 7 and
4% disappearance of InsP6 in PCa− and PCa+ treat-
ments, respectively. InsP6 disappearance increased with
Phy supplementation. In Phy+ treatments there was
a 6 and 17 percentage points increase in InsP6 disap-
pearance in PCa− and PCa+ treatments, respectively

(P = 0.001). The isomers Ins(1,2,5,6)P4 and InsP3x
only appeared in the crop when Phy was supplemented,
and they were more concentrated in the PCa+ diets
(Table 3; P < 0.05). The concentration of MI in the
crop was lower in the PCa+ treatments than in the
PCa− treatments (P = 0.003).

The crop showed some disappearance of InsP6 in
Phy− treatments. The crop epithelium is not known
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to secrete enzymes (Svihus, 2014), the feed components
were chosen for their negligibly low intrinsic Phy activ-
ity (Eeckhout and de Paepe, 1994; Delia et al., 2011;
Rodehutscord et al., 2016), and the feed was irradi-
ated prior to usage. Enzymatic assays determined that
intrinsic Phy activity was not only below the limit of
detection, but the assay showed not even a minimal re-
sponse. Hence, intrinsic plant Phy activity did not con-
tribute to InsP6 degradation in this study. It is possible
that the low InsP6 disappearance measured in the crop
was due to experiment or laboratory variations.

The increase in InsP6 disappearance with Phy sup-
plementation in the crop was much lower than that pre-
viously noted for conventional birds. One study showed
a 66 percentage points increase in InsP6 disappearance
in a low PCa diet with 1,500 FTU Phy supplementa-
tion (Sommerfeld et al., 2018b). This discrepancy might
be due to the absence of lactobacillaceae in the present
study, which is the most abundant bacterial family in
the crop (Witzig et al., 2015). The discrepancy might
be further explained by the pH levels in the crop. Lack
of lactic acid production might have caused the pH lev-
els to be higher than those found in conventional birds.
Higher pH could have reduced the solubility of phytate
or let to a shift of pH value out of the optimum pH for
the supplemented Phy, which is 3.5 to 5.0 (Menezes-
Blackburn et al., 2015). Further, lactic acid is known to
chelate Ca and, thus, potentiate the activity of Phy in
the crop. To better understand the differences between
studies, the pH and lactate in future experiments should
be measured in all digestive tract sections. Higher con-
centrations of Ins(1,2,5,6)P4 and InsP3x and lower con-
centration of MI in the PCa+ treatments suggest that
PCa supplementation decreased degradation of lower
InsP already in the crop.

Proventriculus and Gizzard InsP6 disappearance
was not calculated for pro+giz because of no proper rep-
resentation by the marker (Zeller et al., 2015a), but con-
centrations of InsP can be compared between the treat-
ments. InsP6 concentration in pro+giz was decreased by
either Phy or PCa supplementation (Table 3; P < 0.001
and P = 0.022, respectively). The decrease of InsP6 con-
centration due to Phy supplementation was more pro-
nounced in the pro+giz than in the crop. This can be
explained by the lower, more favorable pH level in this
section. The concentration of Ins(1,2,4,5,6)P5 was lower
and that of Ins(1,2,3,4,5)P5 was higher in the Phy+
treatments than in the Phy− treatments (P < 0.001,
respectively). Ins(1,2,5,6)P4 and InsP3x were only mea-
sured in the Phy+ treatments. Phy supplementation
increased MI concentration in the PCa+ treatment less
than in the PCa− treatment (P = 0.023 for the inter-
action effect). The small difference in MI concentration
between Phy− and Phy+ treatments demonstrates an
inability to degrade InsP1 to MI or a rapid exit of MI
with the liquid phase from the pro+giz to the small
intestine.

Small Intestine Up to the duo+jej and termi-
nal ileum, InsP6 disappearance was 35 and 42% in

PCa−Phy− treatment, and 11 and 17% in PCa+Phy−
treatment, respectively (Table 2). InsP6 disappear-
ance was low in PCa+ diets but increased with
Phy supplementation to a greater extent than that
in PCa− diets, resulting in a PCa × Phy interac-
tion (P < 0.05). In the duo+jej, the concentrations
of InsP6 and Ins(1,2,3,4,5)P5 were affected by the
PCa × Phy interaction (Table 4; P = 0.031 and
P < 0.001, respectively). InsP6 concentration was re-
duced by Phy supplementation to a greater extent
when PCa was supplemented. Ins(1,2,3,4,5)P5 con-
centration was increased by Phy to a greater extent
when PCa was supplemented. Ins(1,2,3,4,6)P5 only ap-
peared in the absence of added Phy. Ins(1,2,5,6)P4
was only measured in Phy+ treatments and was sig-
nificantly higher in the PCa+ treatment. The concen-
trations of Ins(1,2,3,4)P4 and InsP3x were the highest
in PCa+Phy+. The concentration of MI increased in
Phy+ treatments and decreased in PCa+ treatments.
Disappearance of P (% and g/kg DM) up to the duo+jej
increased by both Phy and PCa supplementation
(Table 2; P < 0.05). Disappearance of Ca (%) up to
the duo+jej decreased in PCa+ (P < 0.001) and in-
creased in Phy+ (P = 0.003) treatments. Disappear-
ance of Ca (in g/kg DM) only increased in PCa+Phy+
treatment.

In the terminal ileum, InsP6 and Ins(1,2,3,4,5)P5
concentrations were affected by the PCa × Phy interac-
tion (Table 4; P = 0.034 and P < 0.001, respectively).
InsP6 concentration was decreased by Phy supplemen-
tation and higher when PCa was supplemented, but
only in the absence of the added Phy. The concen-
tration of Ins(1,2,3,4,5)P5 was increased with PCa or
Phy supplementation, whereas the concentration of
Ins(1,2,4,5,6)P5 was only increased when PCa was sup-
plemented. Ins(1,2,3,4,6)P5 was only measured in the
absence of the Phy. Ins(1,2,5,6)P4 and Ins(1,2,3,4)P4
were not quantifiable in the PCa−Phy− treatment and
the concentration of both increased with Phy or PCa
supplementation (P < 0.001, respectively). Ins(1,5,6)P3
and InsP3x were only quantifiable in PCa+Phy+ treat-
ment. The ileal concentration of MI was increased by
Phy and decreased by PCa supplementation. Phy sup-
plementation increased disappearance of P (%) up to
the terminal ileum to a greater extent in the PCa− diet
(Table 2; P = 0.015). Disappearance of P (g/kg DM)
was increased by both Phy and PCa supplementation
(P < 0.001, respectively). Disappearance of Ca (%) up
to the terminal ileum was decreased by PCa supplemen-
tation (P < 0.001) and increased by Phy supplementa-
tion (P = 0.021). Disappearance of Ca (g/kg DM) was
increased by PCa supplementation (P < 0.001).

In conventional broiler experiments, prececal InsP6
disappearance from corn-soybean-based diets low in
P and Ca and without Phy supplementation ranged
between 56 and 67% (Shastak et al., 2014; Zeller
et al., 2015b; Sommerfeld et al., 2018b). The prececal
InsP6 disappearance in the present gnotobiotic study
was only slightly lower (42%). As the birds were only
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Table 4. Effect of P, and Ca (PCa), and phytase (Phy) supplementation on concentrations of InsP isomers and myo-inositol
(μmol/g DM) in the duodenum and jejunum, terminal ileum, and ceca of gnotobiotic broiler chickens fed the experimental
diets from day 10 to day 151.

Dietary treatment2 P-values

PCa− PCa+

Phy− Phy+ Phy− Phy+
Pooled
SEM PCa Phy PCa × Phy

Duodenum+Jejunum
InsP6 17.1b 7.8d 24.9a 11.1c 0.90 <0.001 <0.001 0.031
Ins(1,2,4,5,6)P5 0.3 0.4 1.1 1.2 0.06 <0.001 0.104 0.668
Ins(1,2,3,4,5)P5 0.7c 1.6b 1.0c 3.8a 0.15 <0.001 <0.001 <0.001
Ins(1,2,3,4,6)P5 0.3 n.d.3 0.5 n.d. 0.04 0.080 – –
Ins(1,2,5,6)P4 n.d. 0.8 <LOQ4 4.8 0.84 0.002 – –
Ins(1,2,3,4)P4 0.3 0.3 n.d. 0.8 0.05 <0.001 0.625 –
InsP3x

5 0.3 0.3 n.d. 2.0 0.21 <0.001 0.853 –
Myo-inositol 11.6b 19.5a 6.9c 11.7b 0.53 <0.001 <0.001 0.017

Ileum
InsP6 25.6b 12.1c 37.4a 15.7c 1.83 0.001 <0.001 0.034
Ins(1,2,4,5,6)P5 0.3 0.4 1.3 1.4 0.10 <0.001 0.388 0.900
Ins(1,2,3,4,5)P5 0.9c 2.0b 1.7b 5.0a 0.13 <0.001 <0.001 <0.001
Ins(1,2,3,4,6)P5 0.5 n.d. 0.6 n.d. 0.12 0.511 – –
Ins(1,2,5,6)P4 n.d. 0.8 0.2 5.9 0.67 <0.001 <0.001 –
Ins(1,2,3,4)P4 <LOQ 0.3 0.2 0.8 0.04 <0.001 <0.001 –
Ins(1,5,6)P3 <LOQ <LOQ <LOQ 0.2 0.05 – – –
InsP3x

5 n.d. n.d. n.d. 1.9 0.70 – – –
Myo-inositol 6.1b 12.2a 1.7d 3.4c 0.47 <0.001 <0.001 0.001

Ceca
InsP6 20.4 7.0 29.6 9.1 1.95 0.005 <0.001 0.050
Ins(1,2,4,5,6)P5 0.3 0.3 1.2 1.1 0.08 <0.001 0.536 0.358
Ins(1,2,3,4,5)P5 0.9c 1.4b 1.4b 3.5a 0.15 <0.001 <0.001 <0.001
Ins(1,2,3,4,6)P5 0.4 n.d. 0.6 n.d. 0.04 0.035 – –
Ins(1,2,5,6)P4 n.d. 0.5 0.2 4.7 0.32 <0.001 <0.001 –
Ins(1,2,3,4)P4 n.d. 0.2 0.2 0.7 0.04 <0.001 <0.001 –
Ins(1,5,6)P3 0.3 0.3 0.4 0.3 0.03 0.256 0.256 0.698
InsP3x

5 n.d. n.d. n.d. 1.6 0.50 – – –
Myo-inositol 11.7b 29.4a 2.1c 4.0b,c 2.80 <0.001 0.004 0.015

1Data are given as treatment means; n = 4 pens.
2Calculated composition: PCa−, 4.1 g P/kg DM and 6.2 g Ca/kg DM; PCa+, 6.9 g P/kg DM and 10.4 g Ca/kg DM; Phy−, 0 FTU/kg;

Phy+, 1,500 FTU/kg as fed.
3n.d., not detectable in the majority of samples.
4<LOQ, not quantifiable in the majority of samples.
5At least one of the following isomers: Ins(1,2,6)P3, Ins(1,4,5)P3, Ins(2,4,5)P3.
a–dMeans within a column not showing a common superscript differ (P < 0.05).

15 days old, it might be expected that the InsP6 disap-
pearance would have been higher in older birds (Singh,
2008) and thus even closer to birds from conventional
experiments. Moreover, the analyzed InsP isomer
pattern, including MI, in all treatments corresponds
surprisingly well to that found for similar diets in con-
ventional broilers (Sommerfeld et al., 2018b). Because
diets were irradiated and broilers harbored only 1 or 2
bacterial species, these observations suggest a consider-
able contribution of the mucosa-derived Phy and other
phosphatases to InsP degradation. A high potential of
the mucosa-derived Phy to degrade phytate has been
shown by Maenz and Classen (1998), who reported
a substantial phytate hydrolysis by preparations
of chicken small intestinal brush border membrane
vesicles. The Phy activity in these preparations was
the highest in the duodenum and decreased toward the
ileum. In the present study, InsP6 disappearance from
Phy− treatments slightly increased between duo+jej
(35% in PCa−, 11% in PCa+) and the terminal ileum

(42% in PCa−, 17% in PCa+), which is in accordance
with the results of Maenz and Classen (1998) and is the
inverse of the expected microbial population density
along the intestinal tract. According to Shinoda and
Yoshida (2004), the intestinal microbiota had no effect
on the mucosal Phy and alkaline phosphatase activity
comparing germfree and conventionalized rats. This
might allow transferring the present finding of a high
potential of the mucosa-derived Phy to conventional
birds. In both the duo+jej and ileum, InsP6 disappear-
ance was increased by Phy supplementation and this
addition compensated for the negative effects of P and
Ca supplementation on InsP6 degradation. This effect
was also described in a study using conventional broil-
ers by Sommerfeld et al. (2018b). The negative effect
of P and Ca supplementation on InsP6 degradation
might have occurred due to end product inhibition
of the endogenous Phy by the supplemented P with
subsequent precipitation of the accumulated InsP6 by
Ca (Angel et al., 2002).
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Table 5. Effect of P, and Ca (PCa), and phytase (Phy) sup-
plementation on body weight (in grams) of gnotobiotic broiler
chickens fed the experimental diets from day 10 to day 151.

Dietary treatment2 P-values

PCa− PCa+

Phy− Phy+ Phy− Phy+
Pooled
SEM PCa Phy PCa × Phy

444 450 487 482 20.9 0.002 0.910 0.545

1Data are given as treatment means; n = 4 pens.
2Calculated composition: PCa−, 4.1 g P/kg DM and 6.2 g Ca/kg DM;

PCa+, 6.9 g P/kg DM and 10.4 g Ca/kg DM; Phy−, 0 FTU/kg; Phy+,
1,500 FTU/kg as fed.

The appearance of lower InsP isomers in the duo+jej
and terminal ileum suggests degradation of lower InsP
isomers along the small intestine that was inhibited by
dietary PCa supplementation. Similarly, MI concentra-
tions in both the duo+jej and ileum decreased by the
addition of PCa and increased by the addition of Phy.
These results further support the findings of studies
that showed a reduced endogenous Phy activity with
Ca supplementation (McCuaig et al., 1972; Applegate
et al., 2003) and a tendency toward a reduction due to
increased luminal P concentrations (Huber et al., 2015).

In the duo+jej segment, the isomer Ins(1,2,3,4,6)P5
was only measured in Phy− treatments. Because this
InsP5 isomer did not occur in the feed, we assume that
InsP6 degradation by a 5-Phy already took place to
some extent in the upper intestinal tract. In the Phy+
treatments, concentration of Ins(1,2,3,4,5)P5, the main
InsP5 isomer in the degradation pathway of the added
Phy, was higher than that in Phy− treatments in both
the duo+jej and terminal ileum. Similar results were
shown in several previous studies (Zeller et al., 2015a,b;
Sommerfeld et al., 2018a,b). Despite the non-significant
differences in InsP6 concentrations between the Phy+
treatments, the concentrations of Ins(1,2,3,4,5)P5 and
Ins(1,2,5,6)P4 were significantly higher in PCa+Phy+
compared to PCa−Phy+ treatment, and Ins(1,5,6)P3
and InsP3x were only present in PCa+Phy+ treatment.
This demonstrates an impact of the degradation of
these InsP5 and InsP4 isomers in the presence of PCa
resulting in the appearance of InsP3 isomers and a lower
MI concentration. Inhibition of the supplemented Phy
or the intestinal phosphatases or both was more pro-
nounced in the Phy supplemented treatment possibly
because of a generally higher level of lower InsP iso-
mers.

The prececal P disappearance was increased in Phy+
and PCa+ treatments. Because the latter reduced InsP
degradation, the increased P disappearance in this
treatment was likely due to the high digestibility of
the mineral P, whereas the increase noted with Phy
addition was likely due to improved P utilization from
InsP6. The increase in prececal InsP6, P and Ca dis-
appearance with Phy supplementation did not result
in higher weight gain of broilers, however PCa+ treat-
ment resulted in heavier birds (Table 5; P = 0.002).
This suggests the P and Ca released by the Phy was

either insufficient or too imbalanced to improve per-
formance. The effect of PCa supplementation on the
disappearance of P was significantly greater (mean of
PCa− = 3.2 g/kg DM, mean of PCa+ = 5.3 g/kg DM
up to the terminal ileum) than the effect of Phy sup-
plementation (mean of Phy− = 3.8 g/kg DM, mean of
Phy+ = 4.7 g/kg DM) (Table 2).

Ceca InsP6 disappearance in the ceca was not calcu-
lated. As reviewed by Svihus et al. (2013), only about
20% of the digesta enters the ceca, mainly small and sol-
uble particles. Therefore, the digesta and marker likely
do not enter the ceca in the same ratio as in the termi-
nal ileum. However, the InsP isomer and MI pattern in
the ceca provides valuable information of the activity of
resident microorganisms. The treatment effect on InsP
isomers and MI concentrations was similar to that in
the ileum (Table 4). In the study of Zeller et al. (2015a),
lower InsP6 levels and a change in the pattern of InsP
isomers between the ileum and ceca content were noted
when no Phy was supplemented. The present results
show no such changes, supporting our assertion that
the 2 bacterial contaminants identified in the gnotobi-
otic birds did not influence InsP degradation. The rel-
evance of InsP isomers and MI produced in the ceca
for the animal, possibly provided by retrograde move-
ment of digesta (Sacranie et al., 2005), is not known
thus far.

To conclude, the present study on gnotobiotic broiler
chickens demonstrates a substantial contribution of
mucosa-derived Phy and other phosphatases to prece-
cal degradation of InsP6. Supplementation of P and Ca
reduced the activity of the mucosa-derived enzymes.
Our results confirm that mucosal Phy activity decreases
from the duodenum to ileum. The InsP and MI pattern
in all digestive tract sections was similar to the results
of studies on conventional broiler chickens.
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Gesellschaft für Ernährungsphysiologie. 1999. Empfehlungen
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