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Simple Summary: Phytase has been routinely included in poultry diets for over 20 years with
the benefits to bird growth performance, nutrient digestibility and bone parameters widely docu-
mented. However, with the costs of feed increasing, particularly of imported soyabean meal and
pressure to reduce the environmental footprint of production, the need for alternative sustainable
local protein sources is ever important. This work found that phytase superdosing to rapeseed
meal (RSM) and maize dried distiller grains with solubles (DDGS) diets can improve performance,
increase digestibility and reduce P excretion by 15% compared to birds offered the diet without
exogenous phytase.

Abstract: This study assessed the use of locally sourced sustainable feed ingredients, rapeseed meal
(RSM) and maize dried distiller grains with solubles (DDGS) in diets over traditional ingredients
on the growth performance, bone strength and nutrient digestibility of broilers. This work also
investigated the effects of supplementing exogenous phytase in two doses (500 vs. 1500 FTU/kg).
Using male Ross 308 chicks (n = 320) assigned to receive one of four experimental diets: (1) Positive
control diet 1 (PC1), a wheat, soya-based diet + 500 FTU/kg phytase. (2) Positive control diet
2, RSM/DDGS diet + 500 FTU/kg phytase (PC2). (3) Negative control (NC) reduced nutrient
RSM/DDGS diet, no phytase. (4) The NC diet plus 1500 FTU/kg phytase (NC+). PC1 birds displayed
higher feed intake and body weight gain consistently throughout the trial (p < 0.001) as well as
increased body weight by 28 d and 42 d (p < 0.001). Whole-body dual emission X-ray absorptiometry
(DXA) analysis revealed PC1 birds also had higher bone mineral density (BMD), bone mineral content
(BMC), total bone mass, total lean mass and total fat mass than birds offered other treatments (p < 0.01).
Diet had no significant effect on bone strength. Phytase superdosing improved the digestibility of
dry matter (DM), neutral detergent fibre (NDF), gross energy (GE), calcium (Ca), potassium (K) and
magnesium (Mg) compared to birds in other treatment groups. The phytase superdose also improved
performance in comparison to birds offered the NC diet. Phytase superdosing increased the IP6 and
IP5 degradation and increased the ileal inositol concentration of the birds. N excretion was lower
for birds offered the traditional wheat–soya diet and highest for those offered the high-specification
RSM/DDGS diet with a commercial dose of phytase. The addition of a phytase superdose to the
negative control diet (NC+) reduced P excretion of birds by 15% compared to birds offered NC.
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1. Introduction

Phosphorus (P) is an essential nutrient for poultry and is utilised in a number of
biological processes, including energy metabolism, muscle growth, bone development
and egg production. However, around 60 to 80% of the total P present in animal feed is
bound to phytate (myo-inositol hexaphosphate, IP6). Poultry lack sufficient gastrointestinal
quantities of the enzyme phytase required for the degradation of the phytate molecule into
lower phosphor-ester forms (IP2-5 and inositol). As a result, phytate cannot be digested and
leaves large amounts of P inaccessible and also reduces access to other important nutrients,
amino acids and energy [1,2]. Therefore, diets are often supplemented with inorganic-P in
order to meet bird requirements. However, this approach is dependent on finite inorganic-P
sources, increases diet costs and can result in significantly high P excretion which has
severe environmental implications [3]. While plant-based feed ingredients contain levels of
endogenous phytase which can improve the P utilisation of the diet, this is often destroyed
during the diet manufacturing process, e.g., heat-treating. Therefore, exogenous enzymes
with the ability to withstand the diet-manufacturing process have been developed. The
addition of exogenous phytase at conventional levels (<500 FTU/kg) into broiler diets has
increased over the past 20 years and is one of the most routinely used feed additives in
poultry diets. This is due to the well-documented improvements to the digestibility of P,
energy and other nutrients [1,2,4–8]. In recent work [9], the addition of phytase even in low
doses of 250 FTU/kg yielded a 6.6% and 9.5% increase in P digestibility by day 14 and 28,
respectively, and improved the digestibility of all amino acids in birds by 28 days of age.
This increased access and improved digestibility of available nutrients, energy and amino
acids explains the consistent evidence that the addition of phytase to broiler diets leads
to improvements in growth performance (i.e., increased weight gain and improved feed
efficiency) and bone parameters such as increased strength and bone ash [2,4,9–13].

As mentioned, excess P in poultry manure nearby to water sources can result in
eutrophication and other forms of pollution [14]. Therefore, an increase in P utilization as a
result of phytase inclusion can reduce the P lost in manure [14–16]. Work has shown that
reductions in P excretion by 30–40% can be achieved through the addition of 500 FTU/kg
phytase [17,18]. Therefore, the addition of phytase does not only have benefits in terms of
production and economics but is also of environmental importance.

The addition of phytase at levels of 500 FTU/kg is considered common practice. The
idea of “superdosing” defined as ‘using levels of phytase in greater quantities than re-
quired to fulfil P requirements’ [19] is gaining more attention due to rising ingredient
costs. Scholey et al. [20] investigated the effects of phytase supplementation in doses
from 500 to 1000 FTU/kg in diets low in inorganic-P and reported that birds offered the
control diet with higher levels of inorganic-P (16.20, 10.90, 9.40 and 6.10 g/kg—Starter,
Grower 1, Grower 2 and Finisher phase, respectively) outperformed broilers offered the low
inorganic-P diets supplemented with 500 and 750 FTU/kg. The authors suggested that this
may be due to an incomplete dephosphorylation of the inositol ring of phytate, therefore
suggesting that doses of 1000 FTU/kg or higher may be required in the grower period to
allow complete destruction of phytate-P and access to nutrients. In other work, increasing
the amount of additional phytase to broiler diets from 0, 500, 1000 and 2000 to 4000 FTU/kg
resulted in a quadratic increase in body weight, feed intake, tibia ash and a linear increase
in the digestibility of energy and all amino acids. Furthermore, increasing phytase from
0 to 4000 FTU/kg phytase improved the ileal digestibility of P and Ca by 88 and 18%,
respectively [21], and more evidence shows that phytase superdosing improves bone de-
velopment [22], with Walk et al. [23] reporting increased growth performance, increased
tibia ash and as well as reduced phytate concentration in the gizzard of birds offered the
higher levels of phytase (1500 FTU/kg). These findings have been reiterated by the work of



Animals 2022, 12, 1669 3 of 19

others [6,8,12,22–25] all of which have reported additional beneficial effects to superdosing.
There is also evidence to suggest that phytase superdosing can alter the morphology of the
intestine, e.g., increased villi height and villi height to crypt depth ratio (VH:CD) [26,27]
and the gut microbiota by increasing beneficial bacteria, e.g., Lactobacillus, while reduc-
ing harmful bacteria [27,28], ultimately improving broiler gut health and facilitating the
improved absorption of nutrients.

While it is clear that superdosing phytase into poultry diets is not a new concept, many
of the aforementioned studies have focused on the effects of phytase on traditional diets
comprised of cereals and soyabean meal. However, soyabean meal is an expensive com-
ponent and must be imported, thus increasing the environmental footprint of production.
Current efforts to switch to home grown alternatives such as rapeseed meal (RSM) and
dried distiller grains with solubles (DDGS) to reduce the use of soyabean meal have been
shown to be successful in maintaining bird performance [29]. However, the effects of phy-
tase addition, if any, or the levels of dosing required to these alternative, more sustainable
diets are yet to be fully investigated. The objective of this work was to evaluate the use of
locally sourced RSM and maize DDGS diets as sustainable alternatives to traditional soya
broiler diets. We aimed to investigate the effects of phytase inclusion at two different doses
(500 and 1500 FTU/kg) to these sustainable diets and whether this would enhance broiler
performance, nutrient digestibility, gut bacteria and bone strength to levels similar to or
exceeding birds offered the traditional diets.

2. Materials and Methods
2.1. Ethical Declaration

All procedures conducted within this study were approved by the Animal Welfare
Ethical Review Body and in accordance with the Animals Scientific Act 1986, [30] at the
Agri-Food Bioscience Institute (AFBI). Two trials were conducted as part of this study, a
performance trial and a digestibility trial.

2.2. Diet Treatments

Details of dietary ingredients for all diets are presented in Table 1. The positive
control diet (PC1) consisted of a wheat, soya-based diet with an exogenous phytase dose at
commercial levels (500 FTU, 0.01%, Quantum® Blue, AB Vista, Wiltshire, UK). A second
positive control diet (PC2) was an alternative sustainable diet containing RSM, maize
DDGS and commercial levels of exogenous phytase (500 FTU, 0.01%, Quantum® Blue).
The negative control treatment (NC) was a sustainable diet containing RSM, maize DDGS
with no exogenous phytase, reduced in energy (3% and 2% in starter/grower and finisher
diets, respectively), P (2 g/kg), calcium (Ca, 2.4 g/kg) and essential amino acids (reductions
of 0.3 g/kg lysine, 0.6 g/kg methionine, 0.6 g/kg threonine and 0.3 g/kg tryptophan)
compared to positive control diets. A further experimental treatment (NC+) was obtained
by supplementing the NC diet with a phytase superdose (1500 FTU, 0.03%, Quantum®

Blue). Each diet was provided in pelleted form ad libitum to birds on each trial.

Table 1. Formulated composition of experimental treatments.

Starter/Grower (0–28 d) Finisher (29–42 d)
PC1 PC2 NC NC+ PC1 PC2 NC NC+

Wheat, g/kg 602 563 604 604 608 476 518 517
Maize DDGS, g/kg — 35 35 35 — 100 100 100

Soyabean meal, g/kg 305 280 260 260 279 197 176 176
Rapeseed meal extract, g/kg — 25 25 25 — 100 100 100

Soya oil, g/kg 24 27.9 11.4 11.5 52.7 68.8 52.2 52.3
Salt, g/kg 3.3 3 1.9 1.9 2.5 1.8 1.4 1.4

Limestone, g/kg 10.4 10.8 10.6 10.6 9.4 10.7 10.5 10.5
Mono-Dicalcium Phosphate, g/kg 11.1 10.1 7 7 8.2 5 1.9 1.9
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Table 1. Cont.

Starter/Grower (0–28 d) Finisher (29–42 d)
PC1 PC2 NC NC+ PC1 PC2 NC NC+

Sodium Bicarbonate, g/kg 2 2 3 3 2 2 2 2
Premix 1, g/kg 25 25 25 25 25 25 25 25

L-lysine HCl, g/kg 5.8 6.2 6.4 6.4 3.8 5 5.1 5.1
Methionine, g/kg 5 4.9 4.4 4.4 4 3.7 3.1 3.1
Threonine, g/kg 3.3 3.3 3 3 2.1 2.1 1.8 1.8

Quantum Blue 5G (1500 FTU/kg) — — — 0.3 — — — 0.3
Quantum Blue 5G (500 FTU/kg) 0.1 0.1 — — 0.1 0.1 — —

Formulated composition
Crude protein, g/kg 215 215 209 209 (215) 200 200 194 194 (200)

Metabolizable energy, MJ/kg 12.6 12.6 12.2 12.2 (12.6) 13.4 13.4 13.1 13.1 (13.4)
Dry matter, g/kg 857 858 856 856 859 866 863 863

Calcium, g/kg 9.6 9.6 7.2 7.2 (9.6) 8.5 8.5 6.1 6.1 (8.5)
Phosphorus (P), g/kg 7.2 7.3 5.1 5.1 (7.3) 6.4 6.7 4.5 4.5 (6.7)

Phytate- P, g/kg 2.4 2.5 2.5 2.5 2.3 2.6 2.6 2.6
Non Phytate-P (nPP), g/kg 4.8 4.8 2.6 2.6 (4.8) 4.1 4.1 1.9 1.9 (4.1)

Ca: nPP, g/kg 2 2 2.8 2.8 (2.0) 2.1 2.1 3.2 3.2 (2.1)
Lysine, g/kg 14.3 14.3 14 14 12 12.1 11.8 11.8

Methionine, g/kg 7.6 7.6 7 7 6.5 6.4 5.8 5.8
Threonine, g/kg 10.1 10.2 9.6 9.6 8.5 8.7 8.1 8.1

Tryptophan, g/kg 2.4 2.4 2.1 2.1 2.1 2.1 1.8 1.8
1 Vitamin/mineral premix supplied per kilogram of diet: The trace mineral/vitamin mixture supplied (per kg
feed): retinol 3.6 mg, cholecalciferol 0.125 mg, α-tocopherol 50 mg, thiamine 2 mg, riboflavin 7 mg, vitamin K
3 mg, pyridoxine 5 mg, nicotinic acid 50 mg, calcium pantothenate 15 mg, folic acid 1 mg, biotin 0.2 mg, cobalamin
15 mg, manganese 100 mg, iron 80 mg, zinc 80 mg, copper 10 mg, iodine 1 mg, cobalt 0.5 mg, selenium 0.2 mg,
and molybdenum 0.5 mg. Figures presented within “()” indicate the levels of nutrients available with Quantum
Blue 5G inclusion.

2.3. Performance Trial

Male Ross 308 chicks (n = 320) of similar weight (40.15 ± 0.28 g) were randomly
assigned to one of 32 solid floor pens (10 birds/pen). Each pen was 1.5 × 0.9 m and 2.5 kg
of wood shavings were provided. Initial room temperature was 32 ◦C, which was reduced
by 0.5 ◦C per day until it reached 22 ◦C, after which it was maintained at this temperature.
Birds were exposed to a light: dark cycle of 18:6 hr. In the pens, birds were provided with
one of the four experimental treatment diets (80 birds/treatment, 8 pens/treatment). From
day 0 to 28, chicks were offered starter/grower formulations of the diets ad libitum. On day
7 of the trial, two birds per pen (n = 64) were selected and transferred to metabolism cages
for the digestibility trial, while the remaining birds (n = 256) continued on the performance
trial. Finisher formulations of diets were provided ad libitum from day 29 to day 42. Birds
and feed were weighed every seven days to determine body weight (BW), feed intake (FI)
and body weight gain (BWG) for starter/grower (0–28 d), finisher (29–42 d) and overall
(0–42 d) phases. From this, feed conversion ratio (FCR) was calculated as the ratio of feed
intake per pen to the average weekly weight gain per pen for the same time phases. Body
weight gain was also used to calculate the days of production which would be required
for birds in each group to reach a target weight of 2.2 kg. On day 42, all birds remaining
on the performance trial (n = 256) were euthanized and two from each pen (n = 64) of
average pen weight were individually scanned using a dual emission X-ray absorptiometry
(DXA) scanner (Stratos DR Bone Densitometer, DMS, Mauguio, France). Each scan was
analysed using the software 3D DXA, Medix DR to determine body and bone composition,
i.e., total bone mass, total fat mass, total lean mass, bone mineral content (BMC) and density
(BMD). The right tibia of these birds (n = 64) was then dissected for bone strength analysis.
After dissection and cleaning, bones were frozen until required for measurement. Prior to
measurements, bones were thawed at room temperature overnight. Each tibia bone was
then weighed (g), bone length and diameter were measured using digital callipers (mm).
The DXA scanner was then used to scan each tibia individually, the region of interest was
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selected and contained both trabecular and cortical bone. The scans were analysed using
the software 3D DXA, Medix DR for measurements of bone mineral content (BMC; g) and
bone mineral density (BMD; g/cm2). A breaking strength test was conducted on each bone
to determine max strength (kg). This involved subjecting the bones to a specific load using
a 3-point adjustable bending jig (5KN Flexure fixture, INSTRON®, Norwood, MA, USA)
with a 30 mm anvil, according to the method of Crenshaw et al. [31]. The load cell was
100 kg and a crosshead speed of 25 mm/min was applied. The force of an attached anvil
measuring 50 mm in length and 10 mm wide was applied to the midpoint of the same
facial plane of each bone supported by two supports 30 mm apart until the bone failed
(determined automatically by the machine).

2.4. Digestibility Trial

The two birds from each pen removed on day 7 (n = 64) of the performance trial were
transferred to individual metabolism cages (31 × 22.5 × 30 cm3). Initial room temperature
was 33 ◦C, which was reduced by 1 ◦C every two days until it reached 24 ◦C. Within the
metabolism cages, birds were exposed to a light: dark cycle of 18:6 hr. Birds continued on
their previously assigned starter/grower formulations and were offered feed and water
ad libitum from 7 to 28 d. Excreta were collected twice daily over the 14–21 d period and
stored at 4 ◦C until samples were dried at 80 ◦C for 48 h and milled for subsequent analysis
of dry matter (DM), ash, neutral detergent fibre (NDF), gross energy (GE), lipid, P, Ca,
potassium (K) and magnesium (Mg). It was planned to keep the birds in cages until excreta
corresponding to the finisher diet were collected but this was not possible. Instead, a second
batch of birds (n = 32) were kept in group pens and offered one of the four finisher diets to
obtain ileal digesta at slaughter (8 birds/treatment). At 42 d, birds were humanely killed by
an overdose of isoflurane and confirmed by dislocation of the spinal cord. Birds were then
dissected and samples of ileal digesta were taken and frozen until dried at −80 ◦C for 48 h
and subsequently analysed for DM, ash and TiO2. In addition, sampling included jejunal
digesta which has been collected proximal to Meckel’s diverticulum. Jejunal samples were
opened with scissors and the digesta collected. Digesta samples were frozen on dry ice and
stored at −80 ◦C until further analysis.

2.4.1. Chemical Analysis

The dried samples of the diets, excreta and ileal digesta were used to determine the
digestibility of DM, ash, GE, NDF, lipid, N, Ca, P, K and Mg. Dry matter was determined
by oven-drying (Gallenkamp, London, UK) at 100 ◦C for 24 h [32]. Ash content was de-
termined by ashing samples in a muffle furnace (Vecstar, Chesterfield, UK) at 550 ◦C for
approximately 10 h. The GE content was measured using a 6300/6400 bomb calorimeter
system (Parr© Instruments, Moline, IL, USA) and NDF was determined using the Fibertec
system (Tecator Ltd., Bristol, UK) according to the method of Van Soest [33]. Oil B con-
tent was determined by acid hydrolysis (3 M-HCl), followed by solvent extraction with
petroleum ether (40 to 60 ◦C) in a SoxROC Extraction Unit (OPSIS®, Furulund, Sweden).
Nitrogen content was analysed by the macro-Kjeldahl technique using a 2400/2460 Tecator
Kjeltec Auto Sampler System (FOSS, Hillerød, Denmark). For the determination of P, Ca,
Mg, and K content, samples were ashed at 500 ◦C overnight. P content was determined
using a Perkin Elmer Flow Injection Analyzer (model FIAS 300, Waltham, MA, USA), with
the measurement of the resultant molybdenum blue complex conducted at 700 nm via a
Perkin Elmer Lambda 2 Spectrophotometer. Ca, Mg and K contents were determined by
being analysed by inductively coupled plasma–optical emission spectroscopy (ICP-OES)
following an aqua regia digestion step according to AOAC 985.01. Quantum Blue phytase
activity was analysed specifically in diets by the ELISA method using Quantiplate Kits
for Quantum Blue (Enzyme Services and Consultancy Ltd., Ystrad Mynach, UK) and
total phytase activity was measured in the same laboratory using the Standard Analyti-
cal Method 020 (AB Vista), whereas phytate was analysed by near-infrared spectroscopy
(NIRSTM, Model DS2500, FOSS, Hillerød, Denmark). The spectrometer used covers the
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range 400–2500 nm 0.5 nm resolution, but for the development of the NIR Phytate Calibra-
tion only the region 1100–2500 nm was considered. Titanium dioxide (TiO2) was added
to all diets during both starter/grower and finisher stages as an indigestible marker to
determine nutrient digestibility. TiO2 content was measured according to the procedure
by Leone [34] and modified by Peddie et al. [35]. Amino acid content was determined by
ion-exchange chromatography and conducted by Sciantec Ltd. according to methods of the
European Commission [36]. Total N intake (g) and N retention (g) were calculated for the
starter/grower (0–28 d), finisher (29–42 d) and overall (0–42 d) phases. The calculations
used were:

N intake (g) = DFI (g) × CP (g)/6.25 (1)

where CP is crude protein on a fresh-matter basis and:

N retention (g) = DLWG (g) × 0.18/6.25 (2)

where DLWG is daily live weight gain.
To calculate each of these on a g/day basis, this was then divided by the days in

each phase.
Levels of N and P excretion were also calculated for the starter/grower (0–28 d),

finisher (29–42 d) and overall (0–42 d) phases as:

X excretion (g) = X intake − X retention (3)

where X represents N or P.
N and P excretion were also calculated on a g/kg body weight gain basis for 0–28 d,

29–42 d and 0–42 d phases, and using the predicted days to reach target weight, the
estimated total N and P excretion was calculated as: days to reach 2.2 kg target weight × N
or P excretion (g/day).

Inositol and inositol phosphates (IP6-IP2) were extracted from dry feed and freeze-
dried digesta and processed for HPLC according to Lu et al. [37]. Inositol phosphates
were analysed by anion-exchange HPLC on a 3 mm × 250 mm CarboPac PA200 column,
fitted with a guard column 3 mm × 50 mm of the same material. Inositol phosphates were
eluted at a flow rate of 0.4 mL/min with a gradient of methanesulfonic and detected by
the post-column addition of ferric nitrate in perchloric acid, measured at 290 nm [38]. The
HPLC machine (Jasco HPLC, Tokyo, Japan) comprised an AS-4150 autosampler, a PU-4080i
inert pump, a PU-4085i semi micro pump, a UV-4070 UV/Vis detector and CO-4061 column
oven. Individual peaks of inositol phosphates were integrated with Jasco ChromNav v2
software. Integrated peak areas of different isomers classified by number of phosphates,
e.g., IP2, were summed and reported as ‘IP2, IP3, IP4, IP5 and IP6′. Calculations assumed
equal detector response for the different classes of inositol phosphate and were calibrated
against standards of InsP6 dodecasodium salt (Merck Millipore—Calbiochem Cat: 407125-
25 mg, Lot: 2663470, Burlington, MA, USA). A set of standards for identification of the
different classes was obtained by acid hydrolysis of phytate (Sigma P8810, St. Louis, MO,
USA) [39].

The apparent digestibility of DM, GE, ash, Oil B, NDF, Ca, K, Mg, N and P were
calculated as in Schiavone et al. [40] using the following formula:

AD (%) = 100 − [100 × (%Ashdiet/%Ashexcreta) × (%Xexcreta/%Xdiet)] (4)

where X represents DM, GE, ash, Oil B, NDF, Ca, K, Mg, N and P.
Using the results of GE digestibility from the starter/grower birds, we estimated the

apparent metabolizable energy (AME) for each of the diets by multiplying the analysed GE
available (fresh basis) by the GE digestibility for each of the treatments.
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2.4.2. 16S rRNA Profiling

Jejunal digesta samples were subjected to DNA extraction employing the DNeasy
PowerLyzer PowerSoil Kit (QIAGEN, Hilden, Germany). The extraction procedure in-
cluded additional incubation steps for 10 min at 70 ◦C and 10 min at 95 ◦C and bead beating
with a Precellys 24 homogenizer (PEQLab Biotechnology GmbH, Darmstadt, Germany).
Amplicon PCR for the 16S rRNA V4 region was performed in duplicate with 515′F and 806R
primers [41,42]. Amplicons were purified and normalized with a SequalPrep normalization
plate (Invitrogen, Carlsbad, CA, USA). Generated sequencing reads from a HiSeq2500
instrument (Illumina, San Diego, CA, USA) were processed in the mothur software (version
1.44.1). This comprised the alignment of reads to the Silva reference database (release 138)
and the generation of operational taxonomic units (OTU) at a sequence identity of 97%.
OTUs assigned to unclassified genera were excluded from further analysis. Subsampling
was performed considering the sample with the lowest number of reads (140,732 reads).

2.4.3. Statistical Analysis

One-way analysis of variance (ANOVA) was used to analyse the data using Genstat
(19th Edition). For performance parameters, pen was taken as the experimental unit and
for bone strength parameters, BMD, BMC and nutrient digestibility parameters, bird was
taken as the experimental unit. Bone weight and final weight (day 42) were included
as a covariates for bone parameters. If a significant difference was found (p < 0.05), a
Fisher’s least significant difference test was used to test the pairwise differences between
the treatment means. Differences in microbial communities were analysed at genus level
using the Kruskal–Wallis H-test implemented in statistical analysis of taxonomic and
functional profiles (STAMP, version 2.1.3) and p values were adjusted to multiple testing
according to the Benjamini–Hochberg approach.

3. Results

Details of the analysed diet contents are presented in Table 2. The CP content of each
diet was similar to the formulated levels. Where diets NC and NC+ were formulated
to reduce Ca content, the analysis revealed that Ca was higher than was formulated in
NC (by 1.2 and 2.7 g/kg) and NC+ (by 2.7 and 1.4 g/kg) in both the starter/grower and
finisher diets, respectively, resulting in higher-than-formulated Ca:avP ratios. P content
was lower than that formulated in the positive control diets in both the starter/grower and
finisher diets; this was also the case for nPP. However, the analysed nPP was similar to the
formulated nPP in the NC and NC+ diets. Overall, the analysed content of lysine (Lys),
methionine (Met), threonine (Thr) and tryptophan (Trp) was similar to the formulated
amounts in the PC1 and PC2 diets for both starter/grower and finisher stages. However,
the analysed levels of Lys, Met, Thr and Trp in the NC and NC+ diets were higher than
formulated. Analysis of diets revealed that Quantum Blue phytase levels were only slightly
higher than those planned (i.e., 500 FTU/kg) in the positive control diets and levels in
the superdose diet were lower than the planned 1500 FTU/kg (by 110 and 330 FTU/kg,
respectively). Diets contained levels of endogenous phytase in both starter/grower and
finisher formulations (Table 2); as a result, the total phytase activity was greater across all
diets than anticipated from formulated levels. The starter/grower NC diet contained 550
FTU/kg and the finisher NC diet contained 365 FTU/kg endogenous phytase.

Table 2. Analysed nutrient composition of experimental starter/grower and finisher diets.

Starter/Grower Finisher
PC1 PC2 NC NC+ PC1 PC2 NC NC+

Gross energy, MJ/kg 18.89 19.07 18.89 18.56 19.40 20.16 19.95 19.93
Apparent metabolizable energy, MJ/kg 12.67 12.79 12.5 12.61 13.33 13.84 13.52 13.86

Dry matter, g/kg 862 860 863 854 877 884 878 882
Ether extract *, g/kg 48.1 55.7 47.0 38.9 75.1 105.0 90.2 92.0
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Table 2. Cont.

Starter/Grower Finisher
PC1 PC2 NC NC+ PC1 PC2 NC NC+

Ash *, g/kg 69.0 68.1 63.6 63.5 60.9 62.4 60.9 57.2
Neutral detergent fibre *, g/kg 159 169.7 181.6 163.8 125.2 192.0 203.8 179.0

Crude protein *, g/kg 209 220 208 214 199 205 201 201
Calcium, g/kg 9.8 9.4 8.4 9.3 9.7 8.6 8.8 7.5

Phosphorus, g/kg 6.0 5.8 5.4 5.1 5.0 5.3 4.9 4.9
Phytate-P, g/kg 2.5 2.5 2.6 2.5 2.3 2.5 2.7 2.6

Non phytate- phosphorus (nPP), g/kg 3.5 3.3 2.8 2.6 2.7 2.8 2.2 2.3
Lysine, g/kg 15.1 15.1 13.7 14.8 12.8 12.5 11.5 11.5

Methionine, g/kg 7.0 7.0 6.2 6.8 6.4 6.6 5.9 6.1
Threonine, g/kg 10.6 10.6 9.5 10.1 9.1 9.2 8.9 9.1

Tryptophan, g/kg 2.8 2.8 2.4 2.6 2.4 2.3 2.3 2.3
Quantum Blue phytase, FTU/kg 541 563 - 1390 522 544 - 1170
Endogenous phytase, FTU/kg 206 407 550 290 344 332 365 640
Total phytase activity, FTU/kg 747 970 550 1680 866 876 365 1810

* Dry matter basis.

3.1. Growth Performance

The results of bird growth performance are reported in Table 3. The feed intake (FI) of
birds in PC1 was significantly higher (p < 0.001) than birds in all other treatment groups
during the starter/grower phase and overall phase. During the finisher phase, the FI
of birds offered PC1 was 11% greater (p = 0.036) than birds offered the NC diet, but not
different to birds on the PC2 or NC+ diets. The BWG of birds on the PC1 diet was greater
than that of birds in any other group during the finisher and overall phase (p < 0.001).
During the starter/grower phase, NC+ resulted in similar BWG to both birds offered PC1
and PC2, whereas the BWG of NC birds was 14%, 10% and 11% lower than birds offered
PC1, PC2 and NC+, respectively. There was no significant effect on feed conversion ratio
during the starter/grower, finisher and overall phase, but birds offered the PC1 diet had
greater BW (p < 0.001) at 28 d and 42 d and required significantly fewer (p < 0.001) days
to reach the target weight of 2.2 kg than birds offered the other three diets. Although not
significantly different, phytase superdosing in NC+ diet reduced the days to reach target
weight when compared to birds offered the NC. While birds in the PC2 and NC+ groups
displayed a similar BW at 28 d (1843 ±7.1 g) and 42 d (3113 ±1.4 g) in comparison, the BW
of NC birds at these stages was significantly (p < 0.05) reduced by 10% and 5%, respectively.

Table 3. Broiler production performance and body composition of birds offered the different dietary
treatments during the starter/grower, finisher and overall phases.

PC1 PC2 NC NC+ Sem p

Weight day 28, g 1910 c 1838 b 1656 a 1848 b 22.7 <0.001
Weight day 42, g 3447 c 3112 b 2948 a 3114 b 53.8 <0.001

Days to reach target weight (2.2 kg) 27.2 a 30.1 b 31.9 b 30.2 b 0.74 <0.001
Starter/Grower (days 0–28)

FI, g 2400 c 2258 b 2089 a 2248 b 43.53 <0.001
BWG, g 1870 c 1798 b 1616 a 1808 bc 22.74 <0.001

FCR, g/g 1.28 1.26 1.29 1.24 0.020 0.297
Finisher (days 28–42)

FI, g 2232 b 2045 ab 1983 a 2062 ab 59.1 0.036
BWG, g 1537 b 1274 a 1292 a 1266 a 42.2 <0.001

FCR, g/g 1.46 1.61 1.54 1.64 0.052 0.076
Overall (days 0–42)

FI, g 4633 c 4327 b 4072 a 4309 ab 79.7 <0.001
BWG, g 3407 c 3071 b 2908 a 3074 b 53.8 <0.001

FCR, g/g 1.36 1.41 1.40 1.40 0.019 0.277
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Table 3. Cont.

PC1 PC2 NC NC+ Sem p

Whole-body DXA
BMD, g/cm2 0.43 b 0.40 a 0.39 a 0.39 a 0.004 0.003

BMC, g 93.16 c 80.48 b 75.77 a 81.14 b 1.05 <0.001
Bone mass, g 219 d 204 b 197 a 211 c 2.0 0.007
Lean mass, g 2136 c 1879 b 1791 a 1849 ab 24.97 <0.001
Fat mass (g) 1068 c 943 a 935 a 994 b 13.8 0.003

a,b,c in the same row indicate significant difference p < 0.05; Days to reach target weight (2.2 kg) = 2.2 kg/BWG,
g (0–42 d)/42; Abbreviations: FI, feed intake; BWG, body weight gain; FCR, feed conversion ratio; BMD, bone
mineral density; BMC, bone mineral content.

DXA results are presented in Table 3. BMD, BMC, bone mass, lean mass and fat mass
were significantly greater in birds offered PC1 than birds in any other treatment group. The
phytase superdose increased BMC, fat mass and lean mass of birds to similar levels of PC2
birds. Bone mass was increased (p = 0.007) by 3% and 7% in birds which received the NC+
treatment compared to those in the PC2 and NC groups.

3.2. Bone Strength

There was no significant difference in the tibia bone strength parameters (weight,
diameter, max load, BMD and BMC) measured in birds offered the different experimental
diets (Table 4). Although, tibia length was reduced in PC1 birds.

Table 4. Tibia bone strength parameters of broilers offered the different experimental diets.

Tibia Measurements PC1 PC2 NC NC+ SEM p

Weight, g 25.3 23.7 24.0 24.6 0.74 0.544
Diameter, mm 8.83 8.60 8.88 8.80 0.204 0.710
Length, mm 110.0 a 113.5 b 113.7 b 112.2 b 0.879 0.046
Max load, kg 42.5 40.5 41.3 40.3 2.38 0.930

Bone mineral density,
g/cm2 * 0.33 0.35 0.33 0.37 0.009 0.498

Bone mineral content, g * 0.60 0.67 0.62 0.70 0.02 0.369
a ,b in the same row indicate significant difference p < 0.05 * As measured by DXA.

3.3. Digestibility Results

The effect of experimental treatment on the apparent total tract digestibility (ATTD) of
various nutrients and minerals in broilers is reported in Table 5. Dry matter digestibility was
on average 2.4% greater (p = 0.002) in birds offered NC+ diet than birds in all other treatment
groups. The digestibility of NDF of birds offered PC1 and PC2 diets was significantly lower
(p < 0.001) compared to that of birds offered NC+. Gross energy digestibility was highest in
NC+ birds and significantly greater (p = 0.004) than birds offered PC2 and NC diets. Birds
offered NC+ diets displayed higher Ca digestibility than birds in all other treatment groups
(p < 0.001). The Ca digestibility of birds offered PC1 and NC was similar but both were
significantly greater than those offered PC2. The digestibility of K and Mg was greatest
in birds offered NC+ (p = 0.014, p < 0.001) with no difference between other treatment
groups (K = 41.6 ± 0.38%, Mg = 33.7 ± 0.35%, respectively). No significant differences
in the digestibility of ash, Oil B, N or P were observed between birds offered different
diet treatments.
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Table 5. The apparent total tract digestibility and apparent ileal digestibility of various nutrients and
ileal IP ester (IP6-IP2) and inositol concentrations of broilers offered different experimental diets.

Apparent Total Tract
Digestibility (ATTD), % PC1 PC2 NC NC+ SEM p

Dry matter 74.9 a 74.6 a 74.2 a 76.4 b 0.40 0.002
Gross energy 78.0 ab 77.8 a 77.0 a 79.0 b 0.35 0.004

Ash 45.9 44.9 45.6 47.3 0.67 0.088
Oil B 82.7 83.5 80.3 81.6 0.86 0.056

Neutral detergent fibre 55.5 a 57.4 ab 58.5 bc 59.7 c 0.67 <0.001
Calcium 50.4 b 47.6 a 48.2 ab 54.2 c 0.88 <0.001

Potassium 41.0 a 40.9 a 41.6 a 43.4 b 0.58 0.014
Magnesium 33.2 a 33.9 a 33.6 a 38.4 b 0.53 <0.001

Nitrogen 70.2 70.1 69.6 70.8 0.79 0.786
Phosphorus 76.2 76.5 75.7 78.2 0.01 0.400

Apparent ileal digestibility (AID), %
Dry matter 72.9 68.2 70.3 70.8 1.01 0.757

Ash 48.8 47.4 48.0 49.6 1.71 0.973
Ileal concentrations, nmol/g

IP6 36,275 c 25,674 b 39,895 c 8539 a 2803.7 <0.001
IP5 11,383 c 8033 b 6969 b 3718 a 622.5 <0.001
IP4 5530 b 5033 b 2450 a 5000 b 366.6 0.009
IP3 920 b 1005 b 220 a 1226 b 122.7 0.01
IP2 460 c 377 c 138 a 251 b 35.8 0.009

IP sum * 54,453 b 40,067 b 49,602 b 18,639 a 5280 <0.001
Inositol 1083 a 2594 a 3434 a 6504 b 532.2 <0.001

a,b,c in the same row indicate significant difference p < 0.05; * Summation of inositol phosphates 2–6.

The effects on Apparent ileal digestibility (AID) are presented in Table 5. No significant
difference was reported in the AID of DM or ash of birds on the four different treatments.

3.4. Jejunum Microbiota

The microbial composition of the jejunal samples showed that microbes of the genera
Lactobacillus and Romboutsia had the highest relative abundance in all treatment groups
(Figure 1). The effects of the experimental treatments on the relative abundance of genera
in the small intestine of broilers are reported in Table 6 and Supplementary Table S1.
Weissella was significantly (p < 0.001) more abundant in birds receiving NC+ compared to
all other treatments. Moreover, the NC+ diet resulted in a lower abundance of Stackebrandtia
compared to PC2 and lower abundance of Brevibacterium compared to PC2 and NC diets.
Birds offered the PC1 diet showed considerable differences in the microbial composition
compared to other treatment groups. Specifically, Turicibacter and Clostridium sensu stricto 1,
(both belonging to Firmicutes) were less abundant in birds on the PC1 diet. Alloprevotella
was less abundant in chickens on the PC1 treatment compared to PC2 and NC.

Table 6. Differences in the relative abundance of genera in the jejunal digesta of broilers offered
different experimental diets.

Relative Abundance of Genera
(Phylum), % PC1 PC2 NC NC+ SEM p

Weissella (Firmicutes) 0.006 a 0.005 a 0.004 a 0.398 b 0.041 <0.001
Turicibacter (Firmicutes) 0.064 a 0.421 b 0.379 b 0.471 b 0.060 0.002

Clostridium sensu stricto 1 (Firmicutes) 0.006 a 0.038 b 0.057 b 0.053 b 0.007 0.002
Stackebrandtia (Actinobacteriota) 0.167 ab 0.055 b 0.041 ab 0.014 a 0.021 0.030

Alloprevotella (Bacteroidota) 0.001 a 0.017 b 0.027 b 0.046 ab 0.006 0.038
Brevibacterium (Actinobacteriota) 0.667 ab 0.226 b 0.227 b 0.061 a 0.092 0.041

a,b in the same row indicate significant difference p < 0.05.
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3.5. Nitrogen Balance

The results of broiler N intake, retention and excretion are presented in Table 7. The N
intake and N retention of birds during days 0–28 were significantly lower (p < 0.001) for
those offered the NC compared to those on any other treatment. Birds offered the NC+
diet displayed similar levels of N intake and retention to birds offered PC1 and PC2. N
excretion per day or per kg BW gain during the starter/grower phase did not significantly
differ between groups. During the finisher phase (29–42 d), birds offered the PC1 diet
displayed significantly higher levels of N retention (17%) compared to birds offered the
other three diets. Birds offered the PC1 diet also displayed significantly reduced N excretion
per kg BW gain (by 7.04 g/kg) in comparison with those offered the PC2 diet, neither of
which were significantly different from N excretion levels of the NC- or NC+-offered birds.
N intake and N excretion (g/day) were unaffected by diet treatment during the finisher
phase. When considered across the entire study phase (0–42 d), broilers offered the NC
diet had reduced N intake compared to PC1 and PC2 birds but similar N intake to birds
on the NC+ treatment. The overall N retention per day was greatest in PC1-offered birds
compared to those offered any other diet (by 12%). Thus, the N excreted per day (0–42 d)
was significantly lower in birds offered the NC diet compared to birds offered the PC2 diet,
although neither of which were different to the PC1 and NC+-offered birds. The N excreted
per kg BW gain was significantly reduced in PC1-offered birds compared to those offered
the PC2 diet. The predicted total N excretion to reach target weight did not significantly
differ between groups.
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Table 7. Results of N balance and P excretion of broilers fed experimental diets (PC1, PC2, NC and
NC+) during the starter/grower (0–28 d), finisher (29–42 d) and overall (0–42 d) phases.

PC1 PC2 NC NC+ SEM p

N balance
Starter/Grower (0–28 d)

N intake (g/day) 2.86 b 2.84 b 2.48 a 2.74 b 0.074 <0.001
N retention (g/day) 1.92 b 1.85 b 1.66 a 1.86 b 0.033 <0.001
N excretion (g/day) 0.94 0.99 0.82 0.88 0.062 0.052

N excretion (g/kg gain) 14.07 15.5 14.17 13.67 0.956 0.266
Finisher (29–42 d)
N intake (g/day) 5.08 4.85 4.56 4.76 0.198 0.090

N retention (g/day) 3.16 b 2.62 a 2.66 a 2.60 a 0.123 <0.001
N excretion (g/day) 1.92 2.23 1.90 2.16 0.176 0.169

N excretion (g/kg gain) 17.57 a 24.61 b 20.72 ab 24.25 ab 2.294 0.015
Overall (0–42 d)
N intake (g/day) 3.60 b 3.49 b 3.17 a 3.41 ab 0.088 <0.001

N retention (g/day) 2.34 b 2.11 a 1.99 a 2.11 a 0.052 <0.001
N excretion (g/day) 1.26 ab 1.38 b 1.18 a 1.30 ab 0.065 0.032

N excretion (g/kg gain) 15.58 a 18.89 b 17.02 ab 17.81 ab 0.918 0.010
N excretion to reach target weight of

2.2 kg (g) * 25.52 29.93 25.99 26.48 1.774 0.07

P excretion (g/day) 0.44 0.43 0.42 0.38 0.029 0.208
P excretion 0–28 d (g/kg gain) 6.57 ab 6.67 ab 7.29 b 5.86 a 0.46 0.033
P excretion 29–42 d (g/kg gain) 4.00 4.70 4.56 4.19 0.31 0.097
P excretion 0–42 d (g/kg gain) 5.41 5.86 6.08 5.17 0.393 0.109

Total P excretion to reach target
weight of 2.2 kg (g) * 11.9 12.9 13.4 11.4 0.865 0.109

a,b in the same row indicate significant difference p < 0.05; * Based on N excretion per day for 0–28 d phase and
number of days required to reach 2.2 kg.

3.6. Phosphorus Excretion

The results of broiler P excretion are reported in Table 7. Broilers offered the NC
diet displayed the highest P excretion per kg BW gain which was significantly reduced
by 1.43 g/kg through the inclusion of a phytase superdose in the starter/grower phase.
Although not statistically significant, this trend was observed in the finisher and overall
phases. The predicted total P excretion to reach the 2.2 kg target weight did not statistically
differ between birds offered the different diet treatments; however, offering the NC diet
resulted in the highest total P excretion (13.4 g).

3.7. Phytate, Lower Phytate Esters and Inositol

A significant effect of diet was observed upon the ileal concentration of phytate (IP6),
lower phytate esters IP5-IP2 and inositol (Table 5). Ileal concentrations of IP6 were reduced
in birds offered NC+, while birds offered PC1 and NC had the highest ileal concentrations
of IP6. Again, IP5 concentration was reduced in birds offered NC+, with concentrations
higher and similar in birds offered PC2 and NC, with those offered PC1 having the highest
IP5 ileal concentrations. Ileal concentrations of IP4 and IP3 were reduced in birds offered
the NC in comparison to birds in all other treatments (p = 0.009 and p = 0.01, respectively).
IP4 and IP3 concentrations in the ileal digesta of birds offered PC, PC2 and NC+ were not
significantly different (mean = 5188 ± 297 nmol/g and 1050 ± 158 nmol/g, respectively).
The concentration of inositol was greater (p < 0.001) in the ileal digesta of birds offered the
NC+ diet compared to that measured in birds on all other treatments.

4. Discussion
4.1. Bird Growth Performance

In the current study, growth performance (BW, FI, BWG and days to reach tar-
get weight) of birds fed the positive control, traditional wheat/soya-based diet with
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500 FTU/kg phytase exceeded that of birds fed the other diet treatments for each phase
of study. In fact, the PC1 birds were far ahead of breeder standards, which aim to achieve
3.1 kg BW and 1.5 g/g FCR by 42 d. Although, importantly, birds offered PC2 and NC+
diets, were also to able to meet breeder standards which supports the earlier work which
reported that RSM and DDGS diets were successful in maintaining bird performance [29]
and suggests these diets may be suitable alternatives to current soya diets. Although, the
time to reach the target weight of 2.2 kg was on average 3 days less for birds offered the
soya-based diet, which could be of great economic importance to producers when consid-
ered over multiple crop cycles and over a number of years. The increased performance
observed in the PC1 birds appears to be a result of increased FI, as the digestibility of any
nutrients was not significantly greater in these birds. This increased FI observed may be
attributed to higher nPP content in the diet. As Akter et al. [43] reported FI corresponded
to levels of nPP in the diets provided to broilers and best intakes were observed at higher
levels of nPP (4 g/kg) which were actually lower than the formulated levels in the PC1
diet of this study. As expected, birds offered the reduced nutrient specification NC diet,
displayed reduced growth performance during the starter/grower, finisher and overall
study period in terms of BW, FI and BWG. We suggest this is a result of the reduced nPP
(by 20% and 19% in the starter/grower and finisher diets, respectively in comparison to the
PC1 diet) and inability to access the phytate-P and other bound nutrients. Previous studies
have described similar results that diets reduced in nPP hindered the growth performance
of broilers [9,43–45]. However, during the starter/grower phase, the FI of birds offered
the in the NC diet was reduced compared to NC+ birds, despite a slight increase in nPP
(2.8 g/kg vs. 2.6 g/kg). The increased FI of NC+ birds (starter/grower, 7.6%; finisher, 4.0%;
and overall, 5.8%) may be as a result of high levels of phytase [23,24,46]. The benefits of
phytase addition to the growth performance of broilers have been widely documented
with further benefits via the inclusion in superdose levels; for example, Pieniazek et al. [47]
reported that higher levels of phytase (2000 FTU/kg) resulted in a 9.1% increase in feed
intake and 142 g increase in bird weight compared to birds offered conventional levels of
phytase (500 FTU/kg) in corn/soya-based diets. Other work compared the performance of
birds offered diets varying in levels of P and phytase (0 and 1500 FTU) and reported that
phytase superdosing increased the FI (3.9 vs. 4.1 kg) and body weight gain (2.1 vs. 2.3 kg)
of birds offered low-P diets and improved the FCR of all birds [24]. While this current trial
does not report differences in FCR, we did observe that phytase superdosing improved
the FI and body weight gain of birds by 159 g/day and 192 g/day, respectively, during the
starter/grower period and again by 79 g/day and 166 g/day, respectively, when considered
from 0 to 42 days, to levels equivalent to or sometimes exceeding birds offered the PC2 diet.
This adds to the already widely documented evidence that phytase superdosing in diets
reduced in available P improves bird performance [2,9,12,13,23,24,48].

4.2. Phytase, Phytate Degradation and Nutrient Digestibility

Phytase has been routinely added to broiler diets for over 20 years as poultry lack
sufficient levels of this enzyme to break down phytate-P to relieve its antinutritive qual-
ities. The inositol profiles reported in the current work show the concentrations of the
inositol phosphates decrease from the higher phosphor-ester forms (IP6) to the lower forms
(IP2), which coincides with previous work [49–51] and suggests that phytase targets the
higher-molecular-weight esters first. The reduced concentrations of IP6 and IP5 in the
ileum of birds offered the NC+ diet provides evidence that the increased level of phytase
was sufficient to dephosphorylate greater amounts of phytate than diets containing com-
mercial doses or no additional exogenous phytase, as in previous studies [51–53]. However,
increased levels of IP4 and IP3 in the ileum, as reported here in PC1, PC2 and NC+ birds,
have been noted elsewhere [51] and may be due excess Ca in the diet [54], increased pH
of ileal digesta [55] or the rate at which different-sized particles travel through the gut at
unequal transition rates, i.e., the smaller particles move through faster and are not retained
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for sufficient digestion [56]. Decreased concentrations of IP4 and IP3 as a result of phytase
addition have been reported to occur in the crop and gizzard [53].

The addition of phytase in superdose levels did increase the inositol concentrations in
the ileal digesta, which corresponds with the results of other work [51,57–59] and suggests
that the phytase dose of 1500 FTU/kg was sufficient to degrade dietary phytate to down to
lower IP esters and pure inositol. This, along with the increased FI of NC+ birds, may help to
explain the improvements to performance observed in these birds in comparison to their NC
counterparts. Despite this, the current study only reported small, numeric improvements
to P digestibility through phytase superdosing contrary to other work [52,60,61]. This lack
of significant difference in P digestibility and higher than expected P digestibility in birds
offered the NC diet may be attributed to the levels of endogenous phytase present in the
diet. This is supported by the fact the ileal concentrations of the sum of IP, IP6, IP5 and
inositol of NC birds were similar to PC1 and PC2 birds, suggesting some degradation of
phytate did occur in the NC birds, which increased access to P. While Poulsen et al. [62]
also reported high levels of endogenous phytase in the non-heat-treated diets (650 FTU/kg)
of pigs, P digestibility was still increased through the additional use of microbial phytase
(750 FTU/kg, total phytase activity 1400 FTU/kg). The phytase superdose did appear to
alleviate some of the antinutritive effects of phytate and improve the digestibility of DM
(1.8%), NDF (3.3%), GE (1.6%), Ca (by 5% compared to PC1 and PC2 and 6.6% compared to
NC), K (2.2%) and Mg (4.8%), consistent with previous work [1,2,4–8].

4.3. Phytase and N and P Excretion

Contrary to previous work [63] and what may be expecteda reduction in P content
of the diet (NC) resulted in greater P excretion than birds offered diets with a higher
P content, despite reduced feed intake. This increase in P excretion may be a result of
the slight reduction in P digestibility of NC birds. As expected, and in line with the
available literature [17,18,64], P excretion was reduced via the inclusion of a phytase
superdose. Our study reported a 20% reduction during 0–28 d on a g/kg BW gain basis and
a reduction of 15% in total P excretion to 2.2 kg target weight and coincides with the slight
improvement observed in P digestibility of NC+ birds. Although the levels of P excretion
reported in this study are slightly higher than previously reported, and these studies have
achieved greater reductions in P excretion (e.g., 30%) [17,18] using lower doses of phytase
(500 FTU/kg), the current work does highlight the benefits of phytase as a feed additive to
reduce P losses, improve P utilisation and ultimately reduce the environmental impacts of
broiler production.

Improvements in nutrient retention have been commonly reported as a result of
phytase addition in high doses ranging from 1000 to 20,000 FTU/kg [65–68]. Specifically,
an earlier study observed that broilers (aged 21 d) fed with wheat-based diets including
phytase displayed increased N retention by 11%, compared with those fed a diet without
phytase, due to increased destruction of the phytate molecule [69]. However, in the current
study, N retention was not improved by phytase superdosing but corresponded to N intake,
in that higher N intake of NC+ birds resulted in greater N retention compared to NC birds.
As a result, phytase inclusion also had no effect on N excretion. Though N excretion can be
reduced by reducing CP content in the diet [70]. The present work shows that by reducing
the CP content in the RSM/DDGS diets, reductions in the total N excretion of birds over
their growth period by 15% and 13% for NC and NC+ birds, respectively, were achieved.

4.4. Bone Strength and Body Composition

Improvements to bone strength parameters including increased tibia ash, increased
BMD and BMC and increased breaking strength as a result of the inclusion of phytase, have
been commonly reported in the available literature [12,22,23,60]. However, the current
study found no differences in the tibia bone strength parameters measured. This is despite
the observed increased digestibility of Ca and numeric improvements in ATTD of ash
achieved through increased phytase content. This suggests that our Ca levels in reduced
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specification diets (NC and NC+; starter/grower, 7.2; and finisher, 6.1) were sufficient to
maintain tibia bone health. This is further supported by the fact that the tibia BMD recorded
in this study was similar to, if not slightly greater than, those reported in birds of similar
age [12,71,72]. These previous experiments also reported that tibia BMD was reduced
in birds fed negative control diets, which is not the case in this study. However, when
considered across the entire body, DXA analysis showed improvements to the BMD, BMC,
bone mass, lean mass and fat mass by phytase superdosing the NC diet to levels equivalent
to PC2 birds, which is in line with previous research [9,12,23,48,73]. Although, as these
parameters were still greatest in PC1 birds, this suggests these differences may be attributed
to the increased FI and in turn greater intake of nutrients, which is further improved
by the addition of phytase superdosing. The differences highlighted by considering the
whole-body DXA analysis also suggest that reliance on a sample of an individual bone per
subject animal may not be truly reflective of the effects of a treatment upon the composition
of an animal.

4.5. Jejunum Microbiota Community

The gut microbiota of chickens is composed of hundreds of microbial species, of which
the most common belong to the Firmicutes, Bacteroidetes, Proteobacteria and Actinobacteria
phyla [27,74], although the structure of the community differs along the gastro-intestinal
tract. The present study found the most abundant genera belong to the phyla Firmicutes and
Actinobacteria (Supplementary Table S1). Evidence suggests that the microbial community
in the gut can be influenced by dietary ingredients; a recent analysis comparing soyabean
and soy-free chicken diets revealed considerable differences between birds with several
genera being different across production stages. Specifically, at 7 weeks of age, birds
offered soyabean diets had increased abundance of Firmicutes, whereas the abundance
of Proteobacteria, Actinobacteria and Bacteroidetes was reduced compared to soya-free-fed
birds. However, by 12 weeks, this effect was reversed [75]. Contrary to these results,
the current study found that the use of RSM/DDGS over the soya-meal-based diet also
resulted in increased Firmicutes, specifically Turicibacter, which has been previously linked
to favourable feed conversion in broilers [75] and Clostridium sensu stricto 1 compared to
birds fed the soya-based diet; both of these bacteria are commonly found in the gut of
broilers [73].

There is recent evidence to suggest that phytase superdosing increases the abundance
of beneficial bacteria, e.g., Lactobacillus, and reduces the abundance of the harmful bacteria
in the jejunum (Pelomonas, Helicobacter and Pseudomonas) [27,28], thus potentially positively
influencing the microbiota in the gut. The phytase superdose treatment also promoted
a shift in the microbial composition of the jejunum digesta, specifically increasing the
abundance of Weissella spp. (to which probiotic properties are attributed [76]). For birds
offered the NC+ treatment, this aligns with the observed improvements in ATTD of fibre
and dry matter. As well as this, the abundance of Stackebrandtia and Brevibacterium (both
Actinobacteria) were markedly reduced compared to the levels found in birds offered the
other treatments. This could prove beneficial as Actinobacteria have been identified as
important and common in the digestive tract of other high-producing broilers [77].

While not considered in the present study, there is evidence available suggesting
that dietary ingredients can influence the gut morphology of broilers. For example,
Qaisrani et al. [78] reported birds fed soyabean meal diets had increased villi height (VH)
and increased villus height to crypt depth ratio (VH:CD) compared with those fed RSM
and maise glutendiets, which may be an additional reason for the improved performance
of birds offered the PC1 treatment in the current trial. Similar alterations in gut morphology
including increased VH and CD; changes in VH:CD; increased goblet cells; and reduced
epithelial thickness have been reported as a result of phytase inclusion [79]. The work of
Moita et al. [27] reported that these changes increased with increasing levels of phytase
(500–4000 FTU/kg), all of which could provide beneficial effects on the further absorption
of nutrients and may be important to consider in further studies.
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5. Conclusions

Traditional, soya-based diets with commercial doses of exogenous phytase yielded the
best growth performance of birds. However, the current study provides evidence to suggest
that the inclusion of a phytase superdose to the sustainable RSM/DDGS diet with reduced
nutrient content can improve the growth performance of birds to levels comparable to those
fed to nutrient recommendations and maintain performance at breeder standards therefore
may be suitable alternative sustainable diets. The use of phytase at commercial and
superdosing levels shows potential as a useful tool to improve the performance of broilers
offered a more sustainable, lower-cost diet and to reduce N and P excretion via enhancing
the digestibility of various nutrients or modifying the gut microbiota with the potential to
improve gut health and enhance nutrient absorption, ultimately reducing the excess use
of inorganic-P in diets, reducing feed costs to producers and reducing the environmental
impacts of broiler production. When formulating broiler diets, consideration should be
given to the balance of reducing N and P excretion, animal performance, the availability and
sustainability of dietary ingredients and the cost of diet production. Consideration should
also be given to the activity of endogenous phytase and further studies could potentially
investigate how this may interact with the benefits of additional exogenous phytase. This
information could be vital for producers who produce their own non-heat-treated diets.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ani12131669/s1, Table S1: Mean relative abundance of microbial
genera in the jejunal digestive tract of broilers offered different experimental diets.
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