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ABSTRACT
Background: Responses to dietary calcium (Ca) and supplemented phytase on prececal amino acid digestibility (pcAAD) in broiler chickens vary
among studies. The variation may arise from the dietary acid-binding capacity (ABC) that influences the activity of enzymes in the digestive tract
and from microbial activity.
Objective: This study aimed to investigate whether the ABC influences phytase effects on pcAAD and whether microbial activity contributes to this.
Methods: Male Ross 308 broiler chickens were provided 1 of 12 diets in 72 pens (15/pen) from day 16 of age until the end of the experiment on
days 21 or 22. In a 3 × 2 × 2-factorial arrangement, the ABC was varied by replacing calcium carbonate (CaCO3) with Ca-formate or by adding
formic acid to CaCO3-containing diets, and contained 5.6 or 8.2 g Ca/kg and 0 or 1500 phytase units/kg. The ileum content was collected for
pcAAD measurement and microbial community composition was used to investigate whether changes in pcAAD are related to the microbiota.
Results: Three-factor ANOVA showed that reducing the ABC increased pcAAD (average 1.1 percentage points) and no significant interaction of
the ABC with Ca concentration and phytase supplementation including 3-way interactions. Without phytase, increasing dietary Ca concentration
decreased pcAAD (average 3.1 percentage points). Phytase supplementation increased pcAAD (average 2.1 and 5.0 percentage points at low and
high Ca concentrations, respectively), to reach the same level for both Ca concentrations. Microbial functional predictions pointed towards an
influence of the microbiota in the crop and ileum content on amino acid concentrations, as indicated by different relative abundances of predicted
genes related to amino acid biosynthesis, degradation, and metabolism.
Conclusions: Dietary Ca concentrations but not the ABC modulates the effect of supplemented phytase on pcAAD in broiler chickens. The
microbiota might contribute to differences in pcAAD by changing the amino acid composition of the digesta. The extent of this effect is still
unknown. Curr Dev Nutr 2021;5:nzab103.
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Introduction

Increasing the nutrient utilization of farm animals reduces the nutrient
input needed to produce animal-based food. The utilization of amino
acids (AA) is of particular interest because feedstuffs rich in protein are

a limited resource. Unutilized nitrogen (N) may act detrimentally on
the environment after being excreted by animals. The prececal (pc) AA
digestibility (pcAAD) is considered an adequate measure for evaluat-
ing dietary proteins. Formulating diets based on pcAAD is necessary to
achieve high AA utilization in broiler chickens.
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Phytases are widely used feed additives in nonruminant nutrition,
primarily to support the cleavage of phytate to increase phosphorus (P)
utilization. Some studies provide evidence that phytase supplementa-
tion can also increase pcAAD (1, 2), whereas others did not (3, 4). In-
consistent results may be related to dietary ingredients (5, 6), phytate
concentrations (6), organic acids (7), or calcium (Ca) concentrations
(1, 8), and consequences of phytase supplementation on pcAAD still
remain unpredictable.

With regard to Ca, some studies described decreasing pc AA or
crude protein digestibility when dietary Ca increased in the range of
2.8–31.5 g/kg dry matter in some studies (8–10), whereas other studies
described no such effect for the range of 6.2–14.0 g/kg dry matter (1,
11, 12) (Ca concentrations were calculated assuming 88% dry matter in
the diets if dry matter was not stated). Hence, the inconsistent Ca sup-
plementation effect on pcAAD must have been caused by factors other
than dietary Ca concentration per se.

Decreased pcAAD at higher dietary Ca concentration is usually ex-
plained by an increased pH in the digestive tract as this can reduce the
efficacy of enzymes, including proteases and phytases (11, 13). Another
explanation for decreased pcAAD at high Ca concentrations is seen
in the formation of protein-phytate complexes. Binary phytate-protein
complexes are primarily formed at pH below 4 in the proventriculus
and gizzard whereas ternary Ca-phytate-protein complexes are formed
at pH above 7 in the small intestine (14). Fewer phytate-protein com-
plexes are probably formed in the proventriculus and gizzard when phy-
tate is more degraded in anterior sections of the digestive tract, such as
the crop.

Studies investigating pcAAD and P utilization usually used lime-
stone as a Ca source. Limestone mainly consists of calcium carbonate
(CaCO3), a compound with a high buffer and acid-binding capacity
(ABC). Ca salts of organic acids like Ca-formate (CaF) are known to
have a lower buffer capacity than CaCO3 (15). Hence, replacing CaCO3

by CaF might compensate for a pH increase in the digestive tract caused
by increased dietary CaCO3 concentrations. The solubility of dietary Ca
might also influence the intestinal pH. The Ca solubility of CaF was re-
ported to be substantially higher than that of CaCO3 (16). Using CaF
instead of CaCO3 might allow for higher Ca absorption in the prox-
imal section of the small intestine and thus reduce the amount of Ca
cations available for complex formation in the small intestine. An alter-
native way to decrease pH in the digestive tract is the addition of organic
acids. Supplementation of organic acids, like formic acid, was reported
to lower pH particularly in the crop, as reviewed by Kim et al. (17).

The present study aimed to investigate whether the dietary ABC
interacts with dietary Ca concentration and supplemented phytase on
pcAAD. The dietary ABC was varied by replacing CaCO3 with CaF or
by adding formic acid to CaCO3-containing diets. Previous results on
microbial functional predictions were used to identify whether changes
in microbial functionality are associated with alterations in pcAAD. Re-
ducing the ABC was hypothesized to influence the response in pcAAD
to varying Ca concentrations and supplemented phytase.

Methods

The present study was part of a large experiment and companion data
on growth, pH, phytate degradation, pc Ca and P digestibility, gut mi-

TABLE 1 Description of 12 dietary treatments in a 3 × 2 × 2
experimental design

Acid-binding
capacity

Ca concen-
tration (g/kg
dry matter)

Phytase sup-
plementation

(FTU/kg)

CaCO3 5.6 0
1500

8.2 0
1500

CaCO3 + formic acid 5.6 0
1500

8.2 0
1500

Ca-formate 5.6 0
1500

8.2 0
1500

See Table 2 for abbreviations.

crobial characterization, and predicted microbial functionality were re-
cently published (18). All details of the animal trial are reported there
and presented briefly herein.

Animals and management
The experiment was conducted in accordance with German Animal
Welfare Legislation following approval of the Regierungspräsidium
Tübingen, Germany (approval no. HOH53-18TE). A total of 1110 un-
sexed Ross 308 broilers were obtained from a commercial hatchery
(Brüterei Süd ZN der BWEBrüterei Weser-Ems GmbH & Co. KG) and
distributed in 72 floor pens in groups of 15 animals (115 cm × 230 cm).
The room temperature was 34◦C at placement of the hatchlings and then
continuously reduced to 26◦C at the end of the experiment on day 22.
Lighting was permanent for the first 3 d, and then 18 h of light and 6 h of
darkness were provided daily. Experimental diets were provided from
day 16; previously, a commercial starter diet (Deutsche Tiernahrung
Cremer GmbH & Co. KG) was offered. Wood shavings as litter mate-
rial were removed from the pens on day 16 and birds were then kept on
perforated floors until the end of the experiment to avoid excreta intake.
Birds were reallocated among pens on day 16 to achieve a similar group
weight in all pens. The animals were inspected at least twice daily. Each
dietary treatment was randomly assigned to 6 pens each in a random-
ized complete block design. Feed and water were available for ad libitum
consumption throughout the experiment.

Experimental diets
Twelve experimental diets were prepared in a 3 × 2 × 2 facto-
rial arrangement of treatments (Table 1). One factor, herein des-
ignated as “ABC”, was the use of CaCO3, addition of formic
acid (Amasil 85, BASF SE; >85% wt/wt formic acid) to CaCO3-
containing diets (CaCO3 + FA), and replacement of CaCO3 by
CaF. CaCO3 and CaF were admixed to achieve dietary Ca con-
centrations of 5.6 g Ca/kg dry matter (“low”) or 8.2 g Ca/kg dry
matter (“high”). Mass differences between diets were balanced us-
ing diatomaceous earth. The resulting 6 diets were supplemented
with 1500 phytase units (FTU) phytase/kg (“+”, Natuphos E 5000
G, BASF SE) or left unsupplemented (“–”). Diets were based on
corn, soybean meal, rapeseed meal, and sunflower meal and were
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formulated without a mineral P supplement (Supplementary Table 1).
Titanium dioxide was added at a concentration of 5 g/kg as an in-
digestible marker to determine the digestibility of nutrients based on
changes in the nutrient to marker ratios between the experimental diet
and the digesta in the digestive tract. Diets were pelleted through a 3 mm
die. Analyzed concentrations of P, Ca, phytate, phytase, crude protein,
and AA are provided in Supplementary Table 2. Details of ingredient
composition and analyzed concentrations of proximate nutrients, gross
energy, inositol phosphate isomers, and particle size distribution of the
diets as well as particle size distribution of CaCO3 and CaF are provided
in the companion article (18). Experimental diets were provided from
day 16 until the end of the experiment.

Experimental procedures
Intake of the experimental diets in each pen was recorded from day 16
until slaughter. Half of the pens of each treatment were slaughtered on
days 21 and 22, respectively. Two hours before slaughter, feed was with-
drawn for 1 h in order to standardize feed intake prior to sampling and,
in consequence, gut fill, thereby also counteracting possible diurnal feed
intake patterns. The birds were killed by CO2 exposure after stunning
with a gas mixture (35% CO2, 35% N2, and 30% O2). The posterior half
of the section between Meckel’s diverticulum and 2 cm anterior to the
ileo-ceco-colonic junction, herein defined as the ileum, was removed.
Digesta from ∼2 cm of this section was carefully stripped out for pH
and microbiota analyses. Samples for DNA extraction were immediately
frozen at –20◦C. For AA analysis, digesta in the remaining part of the
ileum was flushed out using ice-cold deionized water. Digesta samples
were pooled on a pen basis, and immediately stored at –20◦C until being
freeze-dried.

Chemical analysis and DNA measurements
The AA concentrations of feed and digesta were analyzed according
to Rodehutscord et al. (3) with modifications by Siegert et al. (19). In
this assay, methionine (Met) and cysteine (Cys) were determined as me-
thionine sulfone and cysteic acid. The amide residue in the side group
of asparagine and glutamine is lost during acid hydrolysis and aspar-
tic acid (Asp) and glutamic acid (Glu) are formed (20). Hence, aspartic
acid together with asparagine (Asx) and Glu together with glutamine
(Glx) were analyzed. Descriptions of sample preparation, analyses of
fractions other than AA, and microbiota analyses and functional pre-
dictions are provided in the companion article (18). In brief, a DNA
extraction kit (FastDNA™ Spin Kit, MP Biomedicals LLC) was used to
extract DNA from crop and ileum digesta samples and DNA was quan-
tified spectrophotometrically with a NanoDrop 2000 device (Thermo
Fisher Scientific). The V1–2 region of the 16S rRNA gene was amplified
and the first PCR product was used as a template in the second PCR
with multiplexing and indexing primers. Pair-end sequencing was done
with the 250 bp paired-end sequencing chemistry on an Illumina MiSeq
platform. Raw reads were checked for quality, assembled, aligned, and
possible chimeras were identified using the mothur pipeline tool. The
data included 74,662 ± 3399 sequences per sample. Reads were clus-
tered into operative taxonomic units (OTUs) and closest representatives
were identified using seqmatch from the Ribosomal Database Project.
Taxonomic assignation followed the defined confidence threshold cut-
off value for each taxonomic level of Yarza et al. (21): genus (94.5%),
family (86.5%), order (82.0%), class (78.5%), and phylum (75.0%). A

species name was given if >97% similarity was observed with the closest
representative sequence. All species names and taxonomy levels present
in this article follow these rules. Functionality prediction was conducted
using Tax4Fun2 for assignations relying on the SILVA database and us-
ing the KEGG hierarchy as a gene catalog of sequenced genomes.

Calculations and statistical analysis
The pcAAD was calculated on a pen basis using the following equation:

Digestibility (%) = 100 − 100

×
⎛
⎝ TiO2 in feed

(
g

kg dry matter

)

TiO2 in digesta
(

g
kg dry matter

) ×
AA in digesta

(
g

kg dry matter

)

AA in feed
(

g
kg dry matter

)
⎞
⎠

(1)

All traits including the functional prediction of the microbiota were
statistically analyzed by 3-factor ANOVA using the MIXED procedure
of the software package SAS (version 9.4; SAS Institute Inc.). Pens were
the experimental unit for all studied traits. The following model was
used:

yi jkl = ABCi + Ca concentration j + Phytasek

+ (
ABCi × Ca concentration j

) + (
ABCi × Phytasek

)

+ (
Ca concentration j × Phytasek

)

+ (
ABCi × Ca concentration j × Phytasek

)

+ blockl + ei jkl (2)

where yijkl is the dependent trait and eijklis the residual error. The ABC
(i = CaCO3, CaCO3 + FA, or CaF), Ca concentration (j = low or high),
and phytase (k = without or with) were fixed effects. The random block
effect (l = 1–6) included possible effects of location in the building and
sampling on day 21 or 22 because 3 blocks were processed each day.
Significant differences between 2 groups were determined using t-tests
if P ≤ 0.05. No valid observation was excluded from evaluation. Normal
distribution and homogeneity of variance were tested prior to statistical
analysis. Pearson product-moment correlations were calculated using
the CORR procedure of SAS.

Results

The Ca concentration × phytase interaction was significant (P ≤ 0.003)
for pc digestibility of all AA (Table 2). Other interactions were not sig-
nificant. The pc digestibility of all AA was significantly lower at the high
compared with the low Ca concentration among diets without supple-
mented phytase (P ≤ 0.005), with an average difference of 3.1 percent-
age points. Phytase supplementation increased pcAAD by an average of
2.1 percentage points at the low Ca concentration and 5.0 percentage
points at the high Ca concentration (P ≤ 0.005). Among the phytase-
supplemented treatments, pcAAD was not significantly different for all
AA (P ≥ 0.52) except for Cys, which was 1.3 percentage points lower
in digestibility at the low compared with the high Ca concentration
(P = 0.047). The main effect of the ABC was significant for the pc di-
gestibility of all AA (P ≤ 0.029) except Cys (P = 0.24). Adding formic
acid to CaCO3 increased pc digestibility of all AA (P ≤ 0.047) except
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FIGURE 1 Percent of genes assigned to the metabolic pathways protein digestion and absorption as well as biosynthesis and
degradation of amino acids listed in the KEGG database in the crop content of broiler chickens fed with differently acidified diets with low
and high calcium concentrations without (–) and with (+) supplementation of 1500 FTU phytase/kg, values are least square means, n = 6
pens/treatment with 15 birds/pen, only significantly influenced pathways are presented (P ≤ 0.05), columns within a statistical comparison
not sharing the same letter are significantly different (P ≤ 0.05), details of the statistical evaluations are shown in Supplementary Table 4.
See Table 2 for abbreviations.

Cys (P = 0.38) by an average of 1.1 percentage points. Replacing CaCO3

with CaF increased pc digestibility of all AA except for Asx, Cys, and
histidine (His) (P ≤ 0.037) on average by 1.1 percentage points.

The correlations between the pcAAD and the relative abundances
of OTU1 (Lactobacillus johnsonii) [except for alanine (Ala), His, and
Met] and OTU10 (Streptococcus alactolyticus) (except for Cys) in the
ileum content were significant (Supplementary Table 3). The relative
abundance in the ileum of these OTUs thereby ranged from 23.6–45.6%
for OTU1 and 0.2–15.6% for OTU10 between treatments (18). Further
correlations between relative abundances of OTU2 (L. gallinarum) and
OTU13 (L. reuteri) in the crop content were significant for some AA.
The relative abundances of these OTUs in the crop ranged from 11.1 to
28.7% and from 0.6 to 2.4% between treatments, respectively (18).

More KEGG pathways related to protein digestion and absorption
(pathway no. 04974) and AA biosynthesis, AA degradation, and AA
metabolism (pathways no. 00250 to 00400) of the microbiota were
significantly influenced by treatments in the crop (Figures 1 and 2)
than in the ileum content (Figures 3 and 4). The ABC × Ca con-
centration interaction was significant for the relative abundance of
predicted genes related to protein digestion and absorption in the
crop content (P = 0.037). Higher values were determined at the high
compared with the low Ca concentration for CaF (P < 0.001), but
not for CaCO3 and CaCO3 + FA (P ≥ 0.13). In the ileum content,
genes encoding for protein digestion and absorption were more pro-
nounced for CaF than for CaCO3 (P = 0.046), with CaCO3 + FA in-
between.
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6 Siegert et al.

FIGURE 2 Percent of genes assigned to metabolic pathways related to amino acid metabolism listed in the KEGG database in the crop
content of broiler chickens fed with differently acidified diets with low and high calcium concentrations without (–) and with (+)
supplementation of 1500 FTU phytase/kg, values are least square means, n = 6 pens/treatment with 15 birds/pen, only significantly
influenced pathways are presented (P ≤ 0.05), columns within a statistical comparison not sharing the same letter are significantly different
(P ≤ 0.05), details of the statistical evaluations are shown in Supplementary Table 4. See Table 2 for abbreviations.

The relative abundance of genes related to the biosynthesis of lysine
(Lys) and arginine (Arg) in the crop content was lower at the high com-
pared with the low Ca concentration for CaF (P ≤ 0.007), with no dif-
ference between Ca concentrations for CaCO3 and CaCO3 + FA (P ≥
0.16). Biosynthesis of phenylalanine (Phe)/tyrosine (Tyr)/tryptophan
(Trp) and valine (Val)/leucine (Leu)/isoleucine (Ile) in the crop content
was more pronounced for CaCO3 than for CaCO3 + FA (P ≤ 0.009),
with CaF in-between. Arg biosynthesis and Lys degradation in the crop
content decreased and increased upon phytase supplementation (P ≤

0.032), respectively. Degradation of Lys in the crop content was more
pronounced for CaF than for CaCO3 + FA (P = 0.011), with CaCO3

in-between.
The ABC × Ca concentration interaction was significant for the

metabolism of Ala/Asp/Glu and Cys/Met in the crop content (P ≤
0.007). Relative abundance of genes ranked CaCO3 > CaCO3 + FA >

CaF for Ala/Asp/Glu metabolism and CaCO3 = CaCO3 + FA > CaF
for Cys/Met metabolism. The Ala/Asp/Glu metabolism was decreased
at the high compared with the low Ca concentration for CaF ( P <

CURRENT DEVELOPMENTS IN NUTRITION
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FIGURE 3 Percent of genes assigned to the metabolic pathways protein digestion and absorption as well as biosynthesis and
degradation of amino acids listed in the KEGG database in the ileum content of broiler chickens fed with differently acidified diets with
low and high calcium concentrations without (–) and with (+) supplementation of 1500 FTU phytase/kg, values are least square means,
n = 6 pens/treatment with 15 birds/pen, only significantly influenced pathways are presented (P ≤ 0.05), columns within a statistical
comparison not sharing the same letter are significantly different (P ≤ 0.05), details of the statistical evaluations are shown in
Supplementary Table 5. See Table 2 for abbreviations.

0.001) but not for CaCO3 and CaCO3 + FA (P ≥ 0.41). The Cys/Met
metabolism was more pronounced at the high compared with the low
Ca concentration for CaCO3 + FA (P = 0.021) but not for CaCO3 and
CaF (P ≥ 0.06). The relative abundance of genes encoding metabolism
of Arg/proline (Pro), Tyr, and Phe in the crop content ranked CaCO3 >

CaCO3 + FA ∼= CaF and the rank of relative abundance of genes en-
coding glycine (Gly)/serine (Ser)/threonine (Thr) was CaCO3 + FA >

CaF > CaCO3. The Gly/Ser/Thr and the Arg/Pro metabolism were re-
duced at the high compared with the low Ca concentration (P ≤ 0.036).
In the ileum content, the abundance of genes encoding Ala/Asp/Glu
metabolism and Arg/Pro metabolism ranked CaCO3 ∼= CaCO3 + FA >

CaF and CaCO3 > CaCO3 + FA > CaF, respectively. Phytase supple-
mentation decreased the Gly/Ser/Thr metabolism in the crop and ileum
content and the Cys/Met metabolism in the ileum content (P ≤ 0.002).
The Arg/Pro, His, Tyr, and Trp metabolism pathways were increased
upon phytase supplementation in the ileum content (P ≤ 0.020).

Discussion

The objective of this study was to investigate whether the dietary
ABC, by replacing CaCO3 with CaF or adding formic acid to CaCO3-
containing diets, affects Ca and phytase supplementation effects on
pcAAD. Reducing the dietary ABC increased pcAAD but did not inter-
act with Ca concentration and phytase supplementation. Hence, the hy-

pothesis of this study is rejected. The results give evidence that phytase
supplementation can compensate for a lowering effect of the high Ca
concentration on pcAAD. An interaction between Ca concentrations
and phytase supplementation was not determined in other studies (1,
2, 12) [except for 2 out of 15 AA in 1 study (12)]. This implies that un-
known influences determined the different outcomes between studies.
More research is therefore needed to better understand the conditions
when dietary Ca affects pcAAD. For the present study, several mecha-
nisms, including feed intake, microbial activity, and formation of phy-
tate complexes may have contributed to the observed effects.

Influence of feed intake
Feed intake was reduced at the high Ca concentration without phytase
(Figure 5A; Supplementary Figure 1), which likely influenced pcAAD
because feed intake is one determinant of pcAAD in broiler chickens
(22). Basal endogenous AA losses depended on feed intake (23, 24). As-
suming that basal endogenous AA losses are a linear function of feed
intake, the amount of basal endogenous AA losses at the high Ca con-
centration without phytase would account for 92% of the amount in the
other treatments. The proportions of Asx, Cys, Glx, Ser, and Thr are
high in endogenous AA losses (24, 25). Hence, lower feed intake might
cause more pronounced differences in pc digestibility of those AA upon
phytase supplementation compared with the other AA. However, dif-
ferences in pc digestibility at the high Ca concentration upon phytase
supplementation were about the same for all measured AA except for
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8 Siegert et al.

FIGURE 4 Percent of genes assigned to metabolic pathways related to amino acid metabolism listed in the KEGG database in the ileum
content of broiler chickens fed with differently acidified diets with low and high calcium concentrations without (–) and with (+)
supplementation of 1500 FTU phytase/kg, values are least square means, n = 6 pens/treatment with 15 birds/pen, only significantly
influenced pathways are presented (P ≤ 0.05), columns within a statistical comparison not sharing the same letter are significantly different
(P ≤ 0.05), details of the statistical evaluations are shown in Supplementary Table 5. See Table 2 for abbreviations.

Cys (Table 2; Figure 6). Hence, influences other than basal endogenous
AA losses must have caused the difference in pcAAD upon phytase sup-
plementation at the high Ca concentration. Siegert et al. (22) proposed
that feed intake might also influence pcAAD by altering the passage rate
of the digesta through the digestive tract. As contractile activity seems to
disperse the digesta along the length of the small intestine (26), a lower
amount of digesta in the small intestine would facilitate mixing of the di-
gesta and microbes contained therein. Pronounced mixing can increase
pcAAD by increasing the encounter of digestive enzymes and the sub-
strate and transport of absorbable AA to the enterocytes. Alternatively,
pronounced mixing can decrease pcAAD by increasing epithelial cell
abrasion and affect the unstirred water layer of the intestine. Feed in-
take was also reduced with increasing Ca concentrations in other stud-
ies investigating pcAAD (2, 8). A weak negative relation between di-
etary Ca and pcAAD existed in those studies, suggesting that feed in-
take affected pcAAD in those studies as it probably did in the present
study.

At the low Ca concentration, the increase in pcAAD upon phy-
tase supplementation was not associated with differences in feed in-
take and phytase caused a more pronounced increase in pc digestibil-
ity of Cys compared with the other AA. This is consistent with results
from other studies that also found a more pronounced increase in pc
digestibility of Cys than of other AA upon phytase supplementation
(1, 5, 27).

Influence of the microbiota
The positive correlations between the pc digestibility of most AA and
the relative abundance of OTU1 (L. johnsonii) in the ileum content
may indicate that the differences in digestibility were in some part
caused by L. johnsonii or the relative abundance of L. johnsonii was a
function of different digestibility. Either way, effects may include in-
teractions of L. johnsonii with other microorganisms. The genome se-
quence of an L. johnsonii strain revealed a higher number of proteases
and peptide transporters compared with other Lactobacillus strains,
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FIGURE 5 Relation between prececal lysine digestibility and feed intake (A), crop content pH (B), gizzard content pH (C), phytate
concentrations in the crop content (D), ileum content pH (E), and calcium (F), phytate (G), and phosphorus (H) concentrations in the ileum
content. Symbols represent least square means of prececal lysine digestibility and traits presented in the companion article (18), n = 6
pens/treatment with 15 birds/pen; relations for the prececal digestibility of other amino acids presented in Supplementary Figures 1–8.
See Table 2 for abbreviations.
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FIGURE 6 Effect of phytase supplementation on the prececal amino acid digestibility at a low and high Ca concentration (unfilled and
filled columns, respectively). All differences were significant (P ≤ 0.050). Values are least square means, n = 6 pens/treatment with 15
birds/pen; see Table 2 for abbreviations.

probably because L. johnsonii has a low AA synthesis capability and
therefore requires available AA from the environment (28). Thus, the
relative abundance of L. johnsonii may have increased because more AA
were present in an absorbable form without the action of L. johnsonii
proteases. Alternatively, the proteases secreted by L. johnsonii may have
enabled L. johnsonii to grow more than other microorganisms, thereby
causing the higher relative abundance. If so, the contribution of L. john-
sonii to pcAAD may be relevant given the relative abundances in the
ileum ranging from about a quarter to half of all measured OTUs. We
did not find any literature providing causative explanations for the sig-
nificantly negative correlations between pcAAD and the relative abun-
dances of OTU10 (S. alactolyticus). Perhaps, the negative correlation is
a consequence of the positive correlations with the relative abundance
of L. johnsonii. Relative abundances of other OTUs need to decrease
when the relative abundance of L. johnsonii increases to the observed
extent.

Reducing the dietary ABC increased the abundance of predicted
genes encoding for protein digestion and absorption by microbes in the
crop and ileum content. A higher AA absorption by microorganisms
probably reduced their need for AA biosynthesis. This can explain the
decreased abundances of genes encoding for AA biosynthesis when the
dietary ABC was reduced.

Changes in the functional prediction of AA metabolism indicate
that AA concentrations in the crop and ileum content (including mi-
crobial matter) were influenced but the amount of synthesized, de-
graded, and metabolized AA remains unknown. The AA absorbed by
animals can originate from feed protein and de novo synthesized AA
by the microbiota, which are absorbed when microbial protein is bro-
ken down up to the end of the small intestine (29). It has previously
been shown in pigs that absorption of essential AA synthesized de novo
by the microbiota can be considerable (30). Such an effect would be
supported by reverse peristalsis when microbes from the hindgut are
moved up to the anterior small intestine. The microbiota can increase
AA digestibility when microbial protein is more digestible than the in-
gested protein and vice versa. Hence, the extent of the influence of
the microbiota composition on pcAAD should be a subject of future
investigations.

Influence of phytate complexes
Phytate degradation in the crop probably increased pcAAD by dimin-
ishing the formation of binary protein-phytate complexes, which can
reduce pcAAD (14). Such binary protein-phytate complexes can partly
explain differences in pcAAD between diets without or with supple-
mented phytase. Binary protein-phytate complexes are mainly formed
in the proventriculus and gizzard because formation is maximized un-
der 2 conditions: a pH below 4 and a pH below the isoelectric point
of the protein (14). In the present experiment, the pH was between
4.9 and 5.5 in the crop (Figure 5B; Supplementary Figure 2) and be-
tween 2.8 and 3.3 in the gizzard (Figure 5C; Supplementary Figure
3). These values are below the isoelectric point of the diet, which was
estimated at a pH of 5.5 based on the values for corn, soybean meal,
rapeseed meal, and sunflower meal described in the literature (14), as-
suming no interactions between feedstuffs. Supplementing phytase re-
duced phytate concentrations in the crop content from 16.6–17.4 to
9.0–16.0 μmol/g dry matter in treatments without and with supple-
mented phytase, respectively (Figure 5D; Supplementary Figure 4).
Hence, less phytate entered the proventriculus in phytase-supplemented
treatments, which reduces the probability of the formation of binary
protein-phytate complexes. Lower phosphorylated inositol phosphates
may have also formed complexes with proteins, but the potential of
lower inositol phosphates for complex formation is supposed to be low
(31). The different magnitude of the effect of phytase supplementation
on pcAAD between Ca concentrations, however, appears unlikely to be
caused by binary protein-phytate complexes. Phytate concentrations in
the crop were not influenced by Ca concentrations (18). This results
in the same amount of phytate entering the proventriculus irrespective
of the Ca concentrations and, thus, no different probability of binary
protein-phytate complex formation.

It appears unlikely that ternary protein-Ca-phytate complexes re-
duced pcAAD although the pH in the ileum suggests that ternary
protein-Ca-phytate complexes might have been formed in the small in-
testine. The probability of ternary protein-Ca-phytate complex forma-
tion increases with pH in the small intestine (14). However, a positive
relation between ileum pH and pcAAD irrespective of phytase was
found in the present study (Figure 5E; Supplementary Figure 5).
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Further, the formation of protein-Ca-phytate complexes would reduce
Ca digestibility but a relation between pcAAD and the Ca concentration
in the ileum content did not exist (Figure 5F; Supplementary Figure 6).
Further, it cannot be ruled out that binary Ca-phytate complexes formed
in the small intestine exerted some influence on pcAAD by making the
formation of ternary protein-Ca-phytate complexes less likely (13). The
presence of such binary Ca-phytate complexes is more likely the higher
the pH in the small intestine is. This would be in line with the observa-
tions of a positive relation between pH in the small intestine and pcAAD
(Figure 5E; Supplementary Figure 5) and higher pcAAD when phy-
tate concentrations in the ileum were lower (Figure 5G; Supplemen-
tary Figure 7). However, formation of binary Ca-phytate complexes
would have reduced pc Ca digestibility and pc phytate degradation
but relations between these traits and ileum pH were not determined
(18).

Influence of chaotropic and kosmotropic agents
A less recognized mechanism possibly contributing to pcAAD is the
consequence of phosphate and Ca acting as kosmotropic and chaotropic
agents, respectively (14). Being a kosmotropic agent, phosphate can re-
duce protein solubility by stabilizing the hydrogen-bonding network
and, hence, inducing stabilization and aggregation of undissolved pro-
teins (32). Selle et al. (14) hypothesized that phosphate exerts kos-
motropic effects when bound to the inositol ring of phytate and af-
ter being hydrolyzed from phytate. This entails kosmotropic effects of
lower inositol phosphate isomers and unabsorbed (hydrolyzed) phos-
phate and might explain the closer relation between pcAAD and the P
concentration in the ileum (Figure 5H; Supplementary Figure 8) than
the phytate concentration in the ileum (Figure 5G; Supplementary Fig-
ure 7), respectively. As CO3

2– is a strongly kosmotropic agent (14), re-
placing CaCO3 with CaF had a chaotropic effect. Chaotropic agents pro-
mote protein solubility and protein denaturation (30). This may provide
an explanation for the higher pcAAD for CaF than for CaCO3. Depend-
ing on how complete the reaction of CaCO3 with formic acid to CaF
in the animals is, this may also provide an explanation for the higher
pcAAD of CaCO3 + FA compared with CaCO3. Chaotropicity or kos-
motropicity can affect the consequences of pH on biological reactions
(33). Possibly, relations between pcAAD and the pH of the crop (Figure
5B; Supplementary Figure 2), gizzard (Figure 5C; Supplementary Fig-
ure 3), and ileum content (Figure 5E; Supplementary Figure 5) were
blurred by different chaotropicity or kosmotropicity. However, none of
the traits we measured can provide evidence of whether kosmotropic
and chaotropic agents influenced pcAAD to a relevant extent.

In conclusion, the present study showed that phytase supplemen-
tation increased pcAAD and compensated a decreasing effect of the
high Ca concentration on pcAAD. Reducing the dietary ABC by re-
placing CaCO3 with CaF or adding formic acid to CaCO3-containing
diets increased pcAAD but no interaction of the dietary ABC with
Ca concentration and phytase supplementation was determined. Sev-
eral mechanisms probably contributed to the observed effects on
pcAAD. Decreased feed intake caused by high Ca concentrations
most likely contributed to differences in pcAAD; further possible
influences include the formation of protein-phytate complexes and
chaotropic/kosmotropic agents. The predicted microbiota functionality
indicates that AA biosynthesis, degradation, and metabolism were dif-
ferent between treatments. The consequence thereof on AA concentra-

tions in the content of the digestive tract and, thus, pcAAD is unknown
and warrants further investigation.
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