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Effect of cereal soaking and
carbohydrase supplementation on
growth, nutrient digestibility and
intestinal microbiota in liquid-fed
grow-finishing pigs

Alberto Torres-Pitarch?, Gillian E. Gardiner?, Paul Cormican*, Mary Rea*$, Fiona Crispie®,
JohnV. O’Doherty?, Pierre Cozannet’, Tomas Ryan! & Peadar G. Lawlor(®'*

Soaking the cereal fraction of a liquid diet prior to feeding (C,,,.), and/or carbohydrase enzyme
supplementation (ENZ) are likely to modulate both feed and intestinal microbial populations and
improve feed efficiency (FE) in pigs. To test this hypothesis, a total of 392 grow-finisher pigs (~33.4 kg,
7 pigs/pen) were randomly allocated to 4 treatments in a 2 X 2 factorial arrangement for 70 days

as follows: (1) fresh liquid feed (Fresh); (2) Cereal soaked liquid feed (Soak); (3) Fresh + ENZ and (4)
Soak + ENZ. An interaction between ENZ and C,,, was found for average daily gain (ADG) during the
growing phase (day 0 to 21; P < 0.05) where pigs fed the Soak + ENZ diet had higher ADG than pigs
fed the Fresh + ENZ diet. No treatment effect was found for ADG thereafter. Enzyme supplementation
increased total tract nutrient digestibility (P < 0.05) and reduced caecal VFA concentrations (P < 0.05)
but did not improve pig growth or FE. Both C,,, and ENZ modulated intestinal microbiota composition;
increasing abundance of bacterial taxa that were negatively correlated with pig growth and reducing
abundance of taxa positively correlated with pig growth and caecal butyrate concentration. In
conclusion, both strategies (C,,,, and ENZ) improved nutrient digestibility in pigs and modulated
intestinal microbiota composition.

Nutritional strategies to improve feed efficiency are of particular interest as their use will reduce the environmen-
tal impact and improve profitability of pig production’?. The intestinal microbiota plays an important role in the
digestion process and can impact feed efficiency in pigs®~>. The type of carbohydrate substrates present in the
intestine influence intestinal microbiota composition®.

The pig’s digestive system lacks specific enzymes to break down some of the chemical bonds present in the
non-starch polysaccharide (NSP) fraction of the diet (i.e. arabinoxylans and 3-glucans). Dietary carbohydrase
supplementation is therefore used as a strategy to improve nutrient digestibility, increase growth and improve feed
efficiency’!!. Xylanase and 3-glucanase (XB) are carbohydrases that can break down arabinoxylans and 3-glucans
into monomers of xylose, arabinose and glucans. These substrates may be used as a direct source of energy for
pigs via absorption from the small intestine but they can also undergo microbial fermentation, producing volatile
fatty acids (VFA), which when absorbed from the intestine also contribute to the pig’s energy supply'% Dietary XB
supplementation can influence the abundance of selected enteric bacterial groups (e.g. Bifidobacterium spp. and
Lactobacillus spp.) in pigs'*-1°. However, sequence-based microbial profiling of enzyme-supplemented pigs has
not been conducted to date and the microbial species that most efficiently utilise xylose, arabinose and glucans are
as yet unknown. A large number of publications have examined the effects of dietary XB supplementation on the
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feed efficiency of grow-finisher pigs®''2. Despite consistent increases in nutrient digestibility, improvements
in growth or feed efficiency are not always observed when XB is supplemented to pig diets?'. Examining the effect
of XB dietary supplementation on intestinal bacterial composition may help to explain the variability in feed
efficiency response to XB supplementation.

Endogenous NSP-degrading enzymes are also naturally present in plant ingredients used in pig diets
These endogenous enzymes are activated when they come into contact with water and therefore, soaking feed
prior to feeding has been suggested as a strategy to increase nutrient digestibility in pigs**-2°. However, liquid
feeding may have negative consequences, such as increased bacterial degradation of free essential amino acids
(AA) during preparation and feeding and this requires particular consideration when using such systems®”%.
Soaking only the cereal fraction of liquid diets prior to feeding (C,,,) may be a useful strategy to improve the
microbial quality and nutritional value of pig feed without reducing it’s free AA content, the latter being supplied
in the balancer fraction (containing soybean meal, synthetic AA, minerals and vitamins) which is only incorpo-
rated into the diet immediately before feeding.

Both strategies, namely C,,; and supplementation with a carbohydrase enzyme complex (ENZ), may release
substrates for use by microbes present in the liquid feed as well as by those in the gastrointestinal tract (GIT) of
the pig. It was therefore hypothesized that soaking the cereal component of the diet with or without ENZ sup-
plementation would modulate the microbiota in the feed, thereby favourably impacting the intestinal microbiota
and as a consequence improve growth and feed efficiency of grow-finishing pigs. The objective of this study was to
determine the impact of both strategies on the feed and intestinal bacterial composition, nutrient digestibility, pig
growth, feed efficiency and intestinal VFA production. Correlations between growth parameters, intestinal VFA
concentrations and the relative abundance of microbial taxa found to be differentially abundant due to treatment
(Cyoax and ENZ) were conducted to find associations between growth parameters and microbial activity.

22,23

Material and Methods

Experimental design. A total of 392 pigs [Maxgrow x (Landrace x Large White); Hermitage Genetics, Sion
Road, Kilkenny, Ireland] with an initial live weight (LW) of 33.4 (£0.88 SEM) kg were penned in groups of 7
pigs of the same sex per pen. The pigs were blocked on the basis of sex (female and entire male) and initial body
weight and assigned to dietary treatments in a randomised block design. The experiment was conducted in two
batches; the first had 9 replicated pens (5 male and 4 female) and the second run had 5 replicated pens (3 male and
2 female) per dietary treatment. The duration of the experiment was 71 days and the experiment was arranged as
a2 x 2 factorial. The factors were: soaking of the dietary cereal fraction (C,,,; un-soaked vs. soaked) for 3h prior
to mixing with balancer (containing soybean meal, synthetic AA, minerals and vitamins) followed by immediate
feeding and supplementation of cereals with XB [Enzyme (ENZ); no vs. yes]. The dietary treatments were: (1)
fresh liquid feed (Fresh); (2) C,, liquid feed (Soak); (3) Fresh + ENZ and (4) Soak + ENZ. All diets were for-
mulated to contain 9.4 MJ NE/kg [7% below the NRC requirements*] and 9.15 g/kg of standardised ileal digest-
ible lysine [SID; at the NRC requirements®] to avoid the potential impact of liquid feeding on AA degradation
(Table 1). All other AA were formulated relative to lysine according to the ideal protein concept®. The XB enzyme
(Rovabio® Excel AP, Adisseo France SAS, Antony, France) was derived from Talaromyces versatilis sp. and pro-
vided 22,000 viscosity units (VU) of endo-1,4-3-xylanase (EC 3.2.1.8) and 30,000 VU of endo-1,3(4)-3-glucanase
(EC 3.2.1.6) per gram of product. The enzyme was supplemented to the cereal fraction of the diet prior to soaking
at 120 g/tonne of cereal mix in order to provide 100 g/tonne of finished feed [2200 VU of Xylanase and 3000 VU
of B-glucanase per kg of finished diet, 88% dry matter (DM) basis].

Feed preparation and animal management. Three dietary components were manufactured in meal
form at the Teagasc feed mill facilities (Teagasc, Moorepark, Fermoy, Co. Cork, Ireland): (1) Cereal fraction
(CER) composed of a mixture of barley (45%), wheat (42%) and wheat feed (12%) which were ground through a
3 mm screen before mixing; (2) CER supplemented with the XB enzyme complex (CER + ENZ) and (3) Balancer
fraction (BAL) consisting of a mixture of soya bean meal, synthetic AA, vitamins and minerals. The three dietary
components were transported to the adjoining experimental farm and stored in steel bins during the experi-
mental period. The liquid dietary treatments were prepared and provided to the pigs at the experimental farm.
The ingredient and nutrient composition of the dietary components and the basal diets are reported in Table 1.
The computerised liquid feeding system (HydroMix, Big Dutchman, Germany) consisted of two mixing tanks
(500L), each equipped with an agitator (consisting of 1 vertical axis and 6 horizontal blades) and a high-pressure
air system for delivery of the feed from the mixing tanks to the pen troughs, each of which was fitted with a sole-
noid valve and an electronic feed sensor. The electronic sensors were checked 6 times a day and troughs with feed
below the level of the sensor were refilled with their respective dietary treatments. To prepare the fresh liquid
dietary treatments (Fresh and Fresh + ENZ), the CER (or CER + ENZ) and BAL at the correct ratio (0.837:0.163,
CER:BAL) were mixed with water in a 1: 2.5 ratio (fresh feed: water; 25.1 DM%) and agitated for 5min before
delivery to troughs. To prepare the C,,, dietary treatments (Soak and Soak + ENZ) the CER (or CER + XB) was
mixed with water (25.1 DM%) and agitated for 3h prior to mixing with BAL and water to achieve a 25.1 DM%
mixture which was then agitated for 5min, after which it was pumped to the troughs.

The groups of 7 pigs were penned in slatted pens (2.37 m x 2.36 m) with solid PVC partitions. The feeders
were short stainless steel troughs (100 cm x 32.5cm x 21 cm) located on top of a rubber mat (1.5 x 1 m) to help
minimise feed wastage. Each pen was provided with a drinking bowl (DRIK-O-MAT, Egebjerg International
A/.S, Egebjerg, Denmark). Air temperature was maintained at 20 to 22 °C. Pigs were observed closely twice daily.
Any pig showing signs of ill-health was treated as appropriate. All veterinary treatments were recorded including
identity of pig, symptom, medication used and dosage.
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Dietary components Experimental diets

CER CER +ENZ BAL Basal Basal + ENZ
Ingredient composition®
Barley 450.60 450.48 0.00 377.30 377.19
Wheat 418.00 418.00 0.00 350.00 349.99
Soybean meal 0.00 0.00 829.60 135.00 134.97
Wheat feed 131.40 131.40 0.00 110.00 110.02
Limestone 0.00 0.00 76.80 12.50 12.50
Lysine HCI 0.00 0.00 26.90 4.40 4.37
Mono dicalcium phosphate 0.00 0.00 22.60 3.70 3.68
Salt 0.00 0.00 18.40 3.00 3.00
L-Threonine 0.00 0.00 6.70 1.10 1.09
Soya oil 0.00 0.00 6.10 1.00 1.00
Vitamin and mineral premix* 0.00 0.00 6.10 1.00 1.00
DL-Methionine 0.00 0.00 4.90 0.80 0.80
Celite 0.00 0.00 1.80 0.30 0.30
Enzyme! 0.00 0.12 0.00 0.00 0.10
Component composition®
Cereal fraction 1000.00 1000.00 0.00 837.30 837.30
Balancer fraction 0.00 0.00 1000.00 162.70 162.70
Nutrient composition®
Dry matter 878.0 879.0 903.0 882.1 882.9
Crude protein 103.0 106.0 409.0 153.2 153.2
Ash 22,0 220 173.6 46.6 46.6
Oil 27.0 26.5 26.3 26.8 26.5
Crude fibre 47.0 46.0 25.0 4255 42,5
Neutral detergent fibre 157.0 152.0 70.0 142.8 138.7
Acid detergent fibre 57.9 57.4 36.7 54.5 54.0
Net energy, MJ/kg — — — 9.40 9.40
Total lysine 34 3.4 41.0 9.52 9.52
SID'lysine, — — — 9.15 9.15
Total Ca, — — — 6.48 6.48
Digestible P — — — 2.40 2.40
Arabinoxylans — — — 86.88 86.88
B-glucans — — — 22.82 22.82
Xylanase activitys, VU/kg 0 5748 — 0 4770
B-glucanase activity$, VU/kg 0 6439 — 0 5344

Table 1. Ingredient and nutrient composition of dietary components and experimental diets *(on an air dry
basis, g/kg unless otherwise stated). *CER = cereal fraction of the diet, CER + ENZ = cereal fraction of the diet
supplemented with a carbohydrase enzyme (xylanase and 3-glucanase, XB), BAL =balancer fraction (non-
cereal component) of the diet. *Calculated values. “Vitamin and mineral premix provided per kilogram of
complete diet (on an air basis): Cu from copper sulphate, 15 mg; Fe from ferrous sulphate monohydrate, 24 mg;
Mn from manganese oxide, 31 mg; Zn from zinc oxide, 80 mg; I from potassium iodate, 0.3 mg; Se from sodium
selenite, 0.2 mg; retinyl acetate 0.7 mg; cholecalciferol, 12.5pg; DL-alpha-tocopheryl acetate, 40 mg; Vitamin

K, 4mg; vitamin B12, 15 ug; riboflavin, 2 mg; nicotinic acid, 12 mg; pantothenic acid, 10 mg; vitamin B1, 2 mg;
vitamin B6, 3 mg; and celite, 300 mg. “Carbohydrase complex based on xylanase and 3-glucanase (Rovabio®
Excel AP, Adisseo France SAS, Antony, France) providing a minimum guaranteed content of 2200 VU and 3000
VU, respectively, per kg of finished diet (on an air dry basis). “Analysed values for dietary components (CER,
CER+ENZ and BAL). For the experimental diets (basal and basal + ENZ) values given are calculated from

the analysed dietary component values. Values with a “-” were not analysed and the calculated values given

for the experimental diets are from the calculated values in the matrix formulation. fSID = Standardized ileal
digestibility. 8One viscosity unit (VU) is defined as the amount of enzyme reducing the viscosity of the solution,
to give a change in relative fluidity of 1 dimensionless unit per minute per g at pH 5.5 and 30°C.

Recordings and sample collection. Individual pig LW and feed disappearance per pen were recorded on
days 0, 21 and 70 of the experiment, from which ADG, ADFI and FCR were calculated. At days 2 and 15 of the
experiment, ~600 g of liquid cereal was collected from the mixing tanks immediately after water addition (0 h)
and after soaking for 3 h. In addition, complete liquid diet samples for each dietary treatment were collected from
the mixing tank and from the pen troughs on both days. Samples from the pen troughs were collected 30 min
before a new feed mix was dispensed into the trough. Three 1.5 ml aliquots of each sample were immediately
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snap-frozen in liquid nitrogen and stored at —80 °C for subsequent microbiota analysis. Another aliquot of the
sample (~20 mL) was frozen and stored at —20 °C for subsequent VFA analysis. The rest of the sample was frozen
at —20°C in aluminium foil trays for subsequent freeze-drying prior to chemical analysis. Fresh faecal samples
from 6 pens (pooled from 3 pigs/pen) per treatment were collected daily for two days prior to slaughter and the
corresponding feed for each pen was collected 1 day before faecal collection. Feed and faecal samples were stored
at —20°C for subsequent apparent total tract digestibility (ATTD) determination. At day 70 of the experimental
period, pigs were transported to a commercial abattoir (Dawn Pork and Bacon, Waterford, Ireland), stunned
using CO, and killed by exsanguination. At the slaughter of the first run (36 pens, 9 replicates), the intestinal
tracts of 22 pigs per treatment (2 and 3 pigs per pen of males and females, respectively) were recovered. Digesta
samples were collected from the terminal ileum (1.5 m proximal to the ileo-caecal valve) and the blind end of the
caecum. Three aliquots of ileal digesta were stored as for the feed samples: one aliquot (~5mL) for microbiota
analysis, a second aliquot (~20 mL) for VFA analysis and the remainder for apparent ileal digestibility (AiD)
determination. Two aliquots of caecal digesta were stored; one for microbiota analysis (~5 mL; snap-frozen and
stored at —80°C) and a second for VFA analysis (~20 mL; stored at —20°C). Hot carcass weight was recorded
45 min after stunning, and back-fat thickness and muscle depth, measured at 6 cm from the edge of the split back
at the level of the 3rd and 4th last rib, were determined using a Hennessy Grading Probe (Hennessy and Chong,
Auckland, New Zealand). Lean meat content was estimated according to the following formula: Estimated lean
meat content (%) = 60.3-0.847x + 0.147y where x = fat depth (mm); y =muscle depth (mm) (Department of
Agriculture Food and Rural Development, 2001).

Feed analysis. The dietary components (CER, CER + XB, and BAL) were ground through a 1 mm screenina
CyclotecTM mill (FOSS electric, Hilleroed, Denmark) and analysed for DM, ash, fat, gross energy (GE), crude fibre
(CF), neutral detergent fibre (NDF), acid detergent fibre (ADF) and crude protein (CP) as described by Clarke et al.!?
and Torres-Pitarch et al.**. Amino acid concentrations were determined using high performance liquid chro-
matography’!. The liquid feed samples collected from the mixing tanks and the pen troughs were freeze-dried
prior to grinding through a 1 mm screen and analysed as outlined above, as well as for biogenic amines. Biogenic
amines were analysed by Sciantec Ltd. (United Kingdom) by extraction with 10% trichoroacetic acid solution and
subsequent ion exchange chromatography. The cereal dietary components (CER and CER + XB) were analysed
by ADISSEO France for xylanase activity using a colorimetric assay. Values for the complete diets were calculated
from the analysed values of each dietary component (Table 1). One VU of endo-1,4-3-xylanase activity was
defined as the amount of enzyme reducing the viscosity of the solution, to give a change in relative fluidity of 1
dimensionless unit per minute per mL (or per g) under the conditions of the assay (pH 5.5 and 30°C).

Nutrient digestibility analysis. The freeze-dried feed, faeces and ileal digesta samples collected for digest-
ibility determination were individually ground through a 1 mm screen using the Cyclotec™ mill. After milling,
each sample type was pooled by pen (n=9 per treatment) and analysed for DM, ash, acid insoluble ash (AIA), GE
and CP for determination of AiD and ATTD. The concentration of AIA was determined according to the method
of McCarthy et al.*2.

Volatile fatty acid analysis and pH of feed and ileal and caecal digesta samples. Feed and ileal
and caecal digesta samples were thawed to room temperature and pH was measured using a pH meter (F2-Meter,
Mettler Toledo, Germany). Volatile fatty acid concentrations were analysed in duplicate for liquid CER and lig-
uid feed, as well as ileal and caecal digesta samples using gas liquid chromatography according to the method
described by Clarke et al.' but instead of ~1 g of initial sample ~3.5 g was used for the extraction.

Microbial analysis of liquid feed, ileal and caecal digesta samples. Feed samples collected from the
mixing tank and from the pen troughs (10 g) were homogenized in 90 ml of maximum recovery diluent (MRD)
and a 10-fold dilution series was performed in MRD. Appropriate dilutions were plated in duplicate as follows; (1)
pour-plated on De Man, Rogosa and Sharpe (MRS) agar containing 50 U/mL nystatin (Sigma-Aldrich, Arklow,
Co. Wicklow, Ireland), overlaid and incubated at 30 °C for 72 h for lactic acid bacteria (LAB); (2) pour-plated
on Violet Red Bile Dextrose (VRBD) agar, overlaid and incubated at 37 °C for 24 h for Enterobacteriaceae; and
(3) spread-plated on Yeast Glucose Chloramphenicol (YGC) agar incubated at 25 °C for 5 days for yeasts and
moulds. Colonies were counted and the counts averaged and presented as CFU/g of the original sample. All
microbiological media were obtained from Merck (Darmstadt, Germany). Total DNA was extracted from the
liquid feed, ileal and caecal samples using the QIAamp DNA stool minikit (Qiagen, Crawley, United Kingdom)
according to the manufacturer’s instructions, apart from adding a bead beating step after sample addition to the
InhibitEX buffer and increasing the lysis temperature to 95°C to increase the DNA yield**. Microbial profiling
was performed using high-throughput sequencing of the V3-V4 region of the 16S rRNA gene (paired end reads
of 250bp) on an Illumina MiSeq platform according to the standard Illumina protocol, except that the PCR mix
volume was doubled in the first PCR step and 30 cycles were used instead of 25**. Pair-end reads in all samples
were quality assessed using FastQC v0.11.7. BBduk from the BBTools suite (https://jgi.doe.gov/data-and-tools/
bbtools/) was used to quality trim (cuttoft- phred =20). Primers and low quality read tails were also removed.
The DADAZ2 pipeline (v1.6) was used to perform read filtering and dereplication, chimera detection and removal,
read-pair merging and inference of amplicon sequence variants (ASV) in each sample. Taxonomy was assigned
to each derived ASV using a naive Bayesian classifier method against the Silva database (Version 128). Species
level was identified, when possible, by blasting the sequences against the nucleotide database of the U.S. National
Center for Biotechnology Information (NCBI). Alpha diversity indices (Chaol, Shannon and Simpson) based on
subsampled read data (n = 32,500 reads per sample) and (3-diversity (Bray-Curtis) analyses were calculated using
the phyloseq R Package®. Data were subsequently plotted using the ggplot2 R package®.
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Sampling location: Mixing Tank Pen Troughs

Cereal soaking (C,,)*: | Fresh | Fresh | Soak |Soak | Fresh | Fresh | Soak | Soak
Enzyme (ENZ)>: — + — + — + - + SDe¢
pH 6.2 6.2 6.2 6.1 5.7 5.0 57 53 0.03
VFA

Acetate 11.5 13.9 11.8 14.0 225 29.7 319 28.6 1.15
Propionate 0.2 0.2 0.2 0.2 0.3 0.8 0.4 0.3 0.08
Isobutyrate 1.4 1.5 1.5 1.5 1.1 1.0 1.1 0.9 0.13
Butyrate 0.3 0.2 0.3 0.3 0.3 0.4 0.8 0.3 0.16
Isovalerate 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.04
Valerate 0.6 0.6 0.5 0.7 0.3 0.3 0.4 0.3 0.07
Total VFA 14.2 16.4 14.3 16.6 24.6 31.9 352 30.7 1.38
Acetate:Propionate ratio | 55.1 71.3 60.7 68.5 77.4 80.7 59.5 92.4 10.53
Protein-derived VFA 2.1 2.1 2.1 22 1.4 1.4 15 13 0.17
Microbial counts

Lactic acid bacteria 6.2 6.2 6.4 6.4 8.8 8.7 8.9 9.0 1.52
Enterobacteriaceae 5.8 5.8 5.8 5.7 6.9 6.9 6.4 6.7 1.46
Yeasts 52 5.7 52 4.6 5.6 6.1 6.6 6.5 1.49
Moulds¢ <DL |<DL |<DL |<DL |<DL |<DL |<DL |<DL |—

Table 2. Analysed pH, volatile fatty acid concentration (VFA, mmol/kg) and microbial counts (Log,, CFU/g) of
the dietary treatments collected from the mixing tanks and the feed troughs in the pig pens (n=2). *Soaking the
cereal fraction of the diet prior to feeding (fresh = 0h soaking, soak =3 h soaking). "Enzyme supplementation
with a Xylanase and (3-glucanase complex [unsupplemented (—), supplemented (+)]. °SD = standard deviation.
dDL = detection limit (3 Log,, CFU/g).

Statistical analysis. Growth parameters (LW, ADG, ADFI and FCR), carcass quality parameters, nutrient
digestibility, digesta pH and VFA concentrations were analysed using the PROC MIXED procedure of SAS® soft-
ware version 9.4 (SAS Institute, Inc., Cary, NC, US). For growth parameters; C,,,,, ENZ supplementation, time,
sex and their associated interactions were included in the model as fixed effects while initial LW was included as
a covariate in the model and day was regarded as a repeated variable with pen as the experimental unit. For car-
cass quality parameters, nutrient digestibility, digesta pH and VFA concentrations; C,,,,, ENZ supplementation,
sex and their associated interactions were included in the model as fixed effects with pen as the experimental
unit; for kill out percentage, muscle depth, fat depth and lean meat percentage; carcass weight was included as a
covariate in the model. A compound symmetry covariance structure was fitted to all data. Model suitability was
investigated by checking normality of scaled residuals using the Shapiro-Wilk test within the UNIVARIATE pro-
cedure of SAS. The results were presented as least square means &= SEM. Microbial relative abundance at phylum,
family, genus and ASV levels were analysed using generalized linear mixed model equation methods in the PROC
GLIMMIX procedure of SAS®. Each taxon was compared in a univariate manner and the p-values were corrected
for multiple comparisons using a Benjamini-Hochberg estimated false discovery rate (FDR). A gamma distribu-
tion was assumed for all data. Models included C,,,, ENZ supplementation and their interaction as fixed effects.
In all models, data were back transformed to the original distribution using the ilink option. Spearman corre-
lations between the differentially abundant genera and ADG, carcass quality data, digesta pH and digesta VFA
concentrations were determined using base R* using the individual pig as the experimental unit. Significance
was reported for P <0.05.

Ethics approval. Ethical approval for this study was granted by the Teagasc Animal Ethics Committee
(approval no. TAEC86/2015). The experiment was conducted in accordance with Irish legislation (SI no.
543/2012) and the EU Directive 2010/63/EU for animal experimentation.

Results

Characterization of dietary treatments sampled before mixing, from the mixing tank and from
the troughs. The calculated and analysed composition of the dietary components and the basal diets are
presented in Table 1. The analysed values for GE, CE, CP and lysine were as expected. The pH, VFA concen-
trations, and selected microbial counts of the dietary treatments collected from the mixing tanks and the pen
troughs are presented in Table 2. A lower pH (5.4 vs. 6.2, SD 0.03, n=2), higher total VFA concentration (30.6
vs. 15.4mmol/g, SD 1.39, n = 2; mainly composed of acetate), higher LAB counts (8.9 vs. 6.3 log,, CFU/g, SD
1.52, n=2), and higher yeast counts (6.2 vs. 5.2 log;, CFU/g, n =2) were observed in samples collected from
pen troughs compared to those collected from the mixing tanks. The analysed nutrient composition and bio-
genic amine concentrations of the dietary treatments collected from the feed troughs are reported in Table 3. No
major differences in nutrient composition were observed among dietary treatments. The average concentration
of biogenic amines found in the feed troughs was 75, 14 and 9 ppm for cadaverine, spermidine and putres-
cine, respectively. Concentrations of histamine, tyramine and spermine were below the detection limit (5 ppm).
Figure 1A shows the relative abundance of bacterial phyla present in diets collected from the mixing tanks. The
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Cereal soaking (C,,,)* | Fresh Fresh Soak Soak

Enzyme (ENZ)": — + — +
Gross energy (MJ/kg) 16.2 16.2 16.2 16.1
Crude fibre 36.1 352 352 36.1
Neutral detergent fibre | 118.8 118.8 1211 124.1
Acid detergent ibre 44.9 46.6 46.6 47.5
Ash 39.6 40.5 40.3 41.4
Crude protein 162.0 162.0 160.2 164.5
Lysine 8.20 8.97 9.15 9.32
Biogenic amines (ppm)©

Putrescine <DL 6 <DL 18
Histamine <DL <DL <DL <DL
Cadaverine 41 89 46 122
Spermidine 26 8 13 10
Tyramine <DL <DL <DL <DL
Spermine <DL <DL <DL <DL

Table 3. Analysed nutrient composition and biogenic amine concentrations of dietary treatments collected
from the pen troughs (on a 88% DM basis, g/kg unless otherwise stated). *Soaking the cereal fraction of the
diet prior to feeding (Fresh = 0h soaking, Soak = 3 h soaking). "Enzyme supplementation with a Xylanase and
3-glucanase complex [unsupplemented (—), supplemented (+)]. DL = detection limit (5 ppm).

most abundant phyla in the mixing tank were Proteobacteria (54%), Cyanobacteria (38%) and, to a lesser extent,
Firmicutes (5%), whereas, in the samples collected from the feed troughs in the pig pens Firmicutes (77%) domi-
nated followed by Proteobacteria (14%) or Bacteroidetes (5%) and Cyanobacteria (4%). The microbiota composi-
tion at phylum level was similar for all dietary treatments when samples from the mixing tanks were investigated.
However, a reduction in the relative abundance of Proteobacteria was observed in the feed troughs for the soaked
diets compared with the fresh diets (19 vs. 8%, Fig. 1A). Figure 1B shows the relative abundance of the 20 most
abundant bacterial genera present in the dietary samples analysed. The three most abundant genera in the mixing
tanks were Pseudomonas (21%), Pantoea (15%) and Acinetobacter (9%), whereas Lactobacillus (42%), Leuconostoc
(17%), Weissella (11%) and Lactococcus (9%) predominated in samples collected from the feed troughs. No major
differences in the microbial profile were observed at genus level between dietary treatments sampled from either
the mixing tanks or feed troughs (Fig. 1B); however, Lactobacillus was more abundant in pen trough samples
belonging to the soaked dietary treatments than those from the fresh diets (53.6 vs. 29.8%, SD 0.20, n=2).

Impact of cereal soaking and enzyme dietary supplementation on nutrient digestibility.
Results for the apparent ileal digestibility (AiD) and apparent total tract digestibility (ATTD) of DM, organic
matter (OM), CP and GE are presented in Table 4. The AiD of DM, OM, CP and GE were unchanged by dietary
treatment (P > 0.05). An interaction between C,,, and ENZ was observed for ATTD of OM and GE (P < 0.05).
Soaking the cereal fraction of the diet improved the ATTD of OM and GE in pigs fed non-ENZ-supplemented
diets but soaking did not improve GE or OM ATTD of ENZ-supplemented diets (P < 0.05). The ATTD of DM
and CP was improved by dietary supplementation with ENZ (P < 0.001).

Impact of cereal soaking and dietary enzyme supplementation on pH and VFA concentrations
in theileal and caecal digesta. The pH and VFA concentrations of ileal and caecal digesta of the pigs fed
the different treatments are presented in Table 3. In the ileum, no significant differences were found; neither the
total VFA concentration, nor the concentration of each VFA (data not shown), was significantly affected by the
interaction ENZ*C,, or the main factors ENZ supplementation or C,,,,. There was no interaction (P > 0.05)
between ENZ and C,,,, for any of the VFAs measured in the caecum. However, supplementation of ENZ to diets
reduced caecal concentrations of acetate, propionate, butyrate and valerate. As a consequence, concentrations of
total VFAs and protein-derived VFAs in the caecum were significantly lower in pigs fed ENZ-supplemented diets
compared to pigs fed non supplemented diets.

Impact of cereal soaking and enzyme dietary supplementation on pig growth and carcass quality
traits. Pig growth and carcass quality traits are presented in Table 5. An interaction between ENZ and C,
was found for average daily gain (ADG) during the growing phase (day 0 to 21; P < 0.05). Pigs fed the Soak+ ENZ
diet had higher ADG than pigs fed the Fresh + ENZ diet, whereas the ADG of pigs fed Fresh and Soak diets were
not statistically different (day 0 to 21). No interaction between C,,,, and ENZ supplementation was observed
for live weight (LW), average daily feed intake (ADFI), feed conversion ratio (FCR) or any of the carcass traits
measured at any time period (day 0 to 21, day 21 to 70 or overall; P >0.05). Pigs fed the soaked diets were 0.8kg
heavier than pigs fed the fresh diets at day 21 (P < 0.05). At slaughter, pigs fed the ENZ-supplemented diets
had a greater fat depth (4+0.5mm; P < 0.05) and a lower lean meat percentage (—0.4%; P < 0.05) than pigs fed
non-ENZ-supplemented diets.
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Figure 1. Relative abundance (%) of bacterial phyla (A) and the 20 most abundant bacterial genera (B) present
in the dietary treatments in the mixing tanks (collected at day 2 or day 15 of the experiment) and in the feed
troughs in the pig pens. The dietary treatments were: Fresh =liquid feed prepared with fresh ingredients (m );
Fresh + ENZ = Liquid fresh feed supplemented with a xylanase and 3-glucanase (XB) carbohydrase enzyme
(m); Soak=Liquid feed prepared with 3h-soaked cereals (= ); Soak + ENZ = Liquid feed prepared with
3h-soaked cereals supplemented with the XB enzyme ( m). 'Others = All bacterial genera not included in the 20
most abundant.

Impact of cereal soaking and enzyme dietary supplementation on the intestinal microbiota of pigs.
Alpha and beta diversity of the microbiota of ileal and caecal digesta samples from pigs fed the different treat-
ments were measured, but no statistical differences or clustering according to dietary treatment or main factor
were observed (data not shown). Figure 2A shows the relative abundance (%) of bacterial phyla in the ileum and
caecum of pigs fed the different dietary treatments. Firmicutes (88.1%) and Proteobacteria (10.3%) were the two
most dominant phyla in the ileal digesta, while Firmicutes (61.9%) and Bacteroidetes (32.7%) predominated in the
caecal digesta. Figure 2B presents the relative abundance (%) of the 20 most abundant bacterial genera observed
in the ileum and the caecum of pigs fed the different diets. Clostridium_sensu_stricto_1 was the most abundant in
the ileal digesta (31.8%), whereas Lactobacillus (12.7%) predominated in the caecum.

The relative abundance of phyla, families and genera that were differentially abundant according to dietary
treatment (effect of ENZ, C,,,, or the interaction between ENZ and C,,) in the ileal and caecal digesta are pre-
sented in Table 6, and the differentially abundant exact ASV are presented in Supplementary Table S1. Differences
between dietary treatments were observed in the ileum for 1 phylum, 5 families, 7 genera and 9 ASV, while in the
caecum 7 families, 6 genera and 105 ASV were differentially abundant. Spearman correlations between the differ-
entially abundant taxa and all physiological measures recorded in the pigs are presented in Supplementary Figs. S1
and S2 online. In an attempt to understand the treatment-related differences in digestibility but the lack of effect
on animal growth, the focus here will be on taxa that were correlated with ADG, carcass weight and/or intestinal
butyrate concentration, and these are shown in Fig. 3. It is important to note that the correlations reported indi-
cate an association between bacterial taxa and physiological measures but do not necessarily imply causation.
Megasphaera elsdenni was reduced in the caecum of pigs fed the Fresh + ENZ diet compared to pigs fed the fresh
un-supplemented diet and this ASV was positively correlated with carcass weight and butyrate concentration. The
relative abundance of Prevotellaceae NK3B31 sp. (ASV388), Oscillibacter sp. and Rikenellaceaceae_RC9 (ASV977)
was increased in the caecum of pigs fed the Fresh + ENZ diets compared to pigs fed the fresh un-supplemented
diet and these ASV were negatively correlated with growth parameters and butyrate production. The relative
abundance of the genus Cellulolysiticum in the ileum of the pigs fed the Soak + ENZ diet was increased compared
to pigs fed the soaked diet and this genus was negatively correlated with ADG. The relative abundance of an
ASV mapped to the Selenomonas genus (ASV1599) was decreased in the caecum of pigs fed the Soak + ENZ diet
compared to pigs fed the soaked diet and this ASV was positively correlated with ADG. The relative abundance
of Prevotellaceae_NKB31_group sp. (ASV1085) and Clostridium saudiense/disporicum was increased when pigs
were fed Soak + ENZ diet compared to pigs fed the soaked diet and these ASV were negatively correlated with
carcass weight, ADG, and butyrate, respectively. The relative abundances of Leuconostoc mesenteroides, the genus
Lactococcus and Lactococcus raffinolactis were increased in the ileum of pigs fed the soaked diet compared to pigs
fed the fresh diet, and all of these LAB were negatively correlated with carcass weight. The relative abundance of
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Cereal soaking (Cy,, ) Fresh | Fresh |Soak |Soak P-Value

Enzyme (ENZ)": = + - n SEM¢ | ENZ \ Coont \ ENZ*Copy
AiD

Dry matter 62.8 64.2 63.0 63.8 1.70 0.51 0.95 0.87
Organic matter 64.2 66.6 64.3 66.1 1.69 0.22 0.90 0.87
Crude protein 56.5 61.6 59.5 61.1 2.16 0.10 0.59 0.43
Gross energy 60.5 63.0 61.8 62.5 1.81 0.39 0.81 0.62
ATTD

Dry matter 81.7 85.1 83.3 85.1 0.48 <0.001 | 0.11 0.12
Organic matter 83.0 86.8* 84.6° 86.7* 0.42 <0.001 |0.10 <0.05
Crude protein 76.9 84.2 78.8 83.4 0.82 <0.001 |0.51 0.13
Gross energy 79.6¢ 83.9° 81.8> [84.0° |0.55 <0.001 | <0.05 <0.05
Digestible energy 14.8 |154* |151° |154* |0.10 <0.001 | <0.001 | <0.001
Ileal digesta

pH 6.5 6.3 6.3 6.4 0.23 0.74 0.72 0.44
Total VFA® 50.7 44.6 47.6 443 10.80 | 0.65 0.86 0.89
Caecal digesta

pH 5.7 5.7 5.6 6.0 0.16 0.13 0.42 0.22
Acetate 92.1 90.0 106.7 | 86.7 5.44 <0.05 0.29 0.11
Propionate 25.1 21.3 28.5 19.1 2.26 <0.01 0.78 0.20
Isobutyrate 14 1.2 1.2 1.1 0.17 0.29 0.47 0.72
Butyrate 19.0 13.8 20.9 13.0 1.68 <0.01 0.78 0.44
Isovalerate 1.0 1.2 1.0 1.2 0.18 0.80 0.27 0.96
Valerate 2.8 2.0 2.7 1.7 0.34 <0.05 0.65 0.75
Total VFA 1414 | 129.7 |161.5 |122.7 |9.09 <0.05 0.46 0.14
Acetate:Propionate 3.7 4.3 0.8 6.0 0.83 0.12 0.32 0.37
Protein-derived VFA 5.2 4.1 5.2 4.0 0.45 <0.05 0.86 0.91

Table 4. Effect of dietary soaking of cereals with or without carbohydrase supplementation on the coefficient
of apparent ileal digestibility (AiD, %), apparent total tract digestibility (ATTD, %), digestible energy (M]J/kg on
a DM basis), pH and volatile fatty acid (VFA, mmol/kg) concentrations in the ileal and caecal digesta of grow-
finisher pigs®. *Values within a row with a different superscript are statistically different (P < 0.05). *Soaking the
cereal fraction of the diet prior to feeding (fresh =0h soaking, soak = 3 h soaking). ‘Enzyme supplementation
with a Xylanase and 3-glucanase complex [unsupplemented (—), supplemented (+)]. ¢SEM = standard error
of the mean. “Concentrations of each individual VFA were not significantly different between treatments, and
therefore only the total VFA concentration is shown.

Roseburia faecis/intestinalis/hominis was decreased in the caecum of pigs fed the soaked diet compared to pigs fed
the fresh diet and this ASV was positively correlated with ADG and butyrate concentration. The relative abun-
dance of Rikenellaceae_RC9 (ASV379) and the family XII was increased in the caecum of pigs fed the soaked diet
compared to pigs fed the fresh diet and family XII was negatively correlated with ADG, while Rikenellaceae_RC9
(ASV379) was positively correlated with butyrate concentration. The relative abundance of the genus Lactococcus
and Lactococcus raffinolactis was increased in the ileum of pigs fed the Soak + ENZ diets compared to pigs fed
the Fresh + ENZ diet and these taxa were negatively correlated with carcass weight. The relative abundance of
Selenomonas (ASV1599) was decreased in the caecum of pigs fed the Soak + ENZ diet compared to pigs fed the
Fresh + ENZ diets and this ASV was positively correlated with ADG. The relative abundance of Escherichia/
Shigella/Brenneria was increased in the caecum of pigs fed the Soak + ENZ diet compared to pigs fed Fresh + ENZ
and this ASV was negatively correlated with ADG.

Discussion

One of the nutritional challenges faced with liquid feeding systems is the microbial degradation of valuable nutri-
ents (i.e. vitamins, minerals and AA) from the time that feed is prepared in the mixing tanks until it is ingested
by the pig from the trough. The nutrient and microbial composition of feed pre- and post-mixing and from
pen troughs was evaluated in this study. Similar feed pH and VFA concentrations were observed across die-
tary treatments for comparable samples. However, lower pH (5.4 vs. 6.2), higher total VFA concentration (30.6
vs. 15.4 mmol/g), and higher LAB and yeast counts (8.9 vs. 6.3 and 6.2 vs. 5.2 log,, CFU/g, respectively) were
observed in feed samples collected from the pen troughs compared to those collected from the mixing tanks,
demonstrating that spontaneous fermentation had occurred in the troughs between feeds. In fact, several studies
have reported similar LAB, yeast and acetate levels in deliberately fermented liquid feed, with LAB counts rang-
ing from 9.2 to 9.6 log,, CFU/g?**¢~%1, yeasts present at 5.2 to 7.2 log,, CFU/g?®¢~*? and acetate ranging from 21
to 26 mmol per kg of fermented feed****>-*>. However, the complete microbial profile of liquid pig feed, to our
knowledge, has not been reported to date. Here, we present high-throughput 16S rRNA gene amplicon sequenc-
ing data for liquid pig feed. The most obvious differences observed were those between the mixing tanks and the
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Cereal soaking (C,,;)": Fresh Fresh | Soak Soak P-value

Enzyme (ENZ)": = i - n SEM! |ENZ \ Coonk \ ENZ*Coy
Live weight, kg

Day 0 335 333 333 335 1.25 0.99 0.96 0.87
Day 21 50.7 50.0 51.1 51.2 0.36 0.36 <0.05 0.23
Day 70 99.0 98.2 98.6 100.4 0.73 0.47 0.23 0.08
ADFI, g/day

Day 0 to 21 2010 1984 1991 2059 46.7 0.66 0.55 0.67
Day21to70 3033 2975 2976 3041 46.7 0.94 0.92 0.63
Day 0to 70 2521 2479 2484 2550 43.0 0.78 0.71 0.21
ADG, g/day

Day0to21 881+P 845° 896> 902* 15.3 0.33 <0.05 <0.05
Day 21 to 70 1013 1013 999 1035 15.3 0.23 0.81 0.41
Day 0to 70 947 929 947 969 11.1 0.87 0.08 0.08
FCRé, g/g

Day 0to21 2.36 243 2.32 2.38 0.067 0.34 0.48 0.70
Day 21to 70 3.06 2.97 3.00 3.00 0.067 0.51 0.80 0.84
Day 0to 70 2.71 2.70 2.66 2.69 0.059 0.86 0.59 0.76
Carcass traits

Carcass cold weight, kg 73.8 73.6 73.5 75.1 0.67 0.31 0.38 0.18
Kill out percentage, % 74.5 74.7 74.7 74.7 0.23 0.59 0.73 0.73
Muscle depth, mm 50.5 49.9 50.5 50.1 0.39 0.18 0.83 0.89
Fat depth, mm 12.6 12.8 12.2 13.0 0.21 <0.05 | 0.66 0.18
Lean meat, % 57.0 56.9 57.4 56.7 0.18 <0.05 |0.56 0.19

Table 5. Effect of dietary cereal soaking with or without carbohydrase supplementation on growth, feed

intake, feed efficiency and carcass quality of grow-finisher pigs®. *Values within a row that do not share a
common superscript are statistically different (P < 0.05). ®Soaking the cereal fraction of the diet prior to feeding
(fresh=0h soaking, soak = 3 h soaking). “Enzyme supplementation with a xylanase and (3-glucanase complex
[unsupplemented (—), supplemented (+)]. SEM = standard error of the mean. *ADFI = average daily feed
intake, as 88%DM. fADG = average daily gain. SFCR = feed conversion ratio, as 88% DM of feed intake.

feed troughs. The most abundant phyla in the mixing tanks were Proteobacteria, Cyanobacteria and Firmicutes,
with Pseudomonas and Pantoea being the predominant genera. On the other hand, Firmicutes predominated in
the feed troughs, followed by Proteobacteria and Cyanobacteria, and at the genus level there was a shift towards
LAB, as Lactobacillus, Leuconostoc, Weisseilla and Lactococcus were most abundant, reflecting the data obtained
from the culture-based LAB counts. These differences in the microbial profile provide further evidence that spon-
taneous lactic acid fermentation occurred in the liquid feed residue that remained in feed troughs between feeds.
However, as regards, treatment differences, little was found, except that in the feed troughs, Proteobacteria was
less abundant and Lactobacillus more abundant in the soaked diets. This may indicate that carbohydrates favour-
able for the growth of Lactobacillus were released during the 3 h that the cereal fraction of these diets was soaked
prior to feeding. It needs to be noted here that chloroplast ASVs could not be removed prior to analysis and
because of this are classified within the Cyanobacteria phylum in SILVA which might explain the abundance of
Cyanobacteria in the feed samples.

Because of the spontaneous fermentation which is likely occurring in the feed troughs, bacterial degradation
of AA can potentially occur with the resultant formation of biogenic amines, high levels of which are toxic?”2836:46,
Cadaverine and putrescine are biogenic amines formed by the decarboxylation of lysine*”*. In this study, only the
cereal fraction of the diet was soaked in order to minimise the time that synthetic AA (included in the balancer
fraction) were in contact with water prior to feeding. This strategy appears effective, as only minimal degradation
of lysine was observed (a 12% reduction from the mixing tank to the trough for the fresh diet and reductions were
<4% in the rest of the dietary treatments). Despite the well-known toxic effects of high concentrations of biogenic
amines in feed and food***’, we failed to find clear guidelines or regulations regarding the maximum acceptable
levels in pig feed. However, even with spontaneous fermentation in the troughs, the concentrations of biogenic
amines were low compared to the levels normally found in liquid feed on-farm; the maximum concentrations of
cadaverine and putrescine observed were 122 and 18 ppm respectively, while Le Treut®, in a study comprising
liquid feed samples from 33 French farms, reported averages of 192 and 70 ppm, respectively, with maximum
levels as high as 1,182 and 310 ppm. Moreover, our results are in line with those from another study where only
the cereal fraction of the diet was fermented and the concentrations of cadaverine and putrescine were also low
(153 and 75 ppm, respectively)3s.

Limited improvements in pig growth due to cereal soaking were observed in the current study (i.e. only during
the growing phase), indicating that the response is growth stage-dependent. Previous studies reported improve-
ments in pig growth when soaked diets were fed post-weaning?*2, however, to our knowledge the effect of feed-
ing cereal soaked diets to grow-finisher pigs has not been reported before. Feeding cereal soaked diets improved
the ATTD of OM and GE of grow-finisher pigs in the current study but these improvements were only observed
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Figure 2. Relative abundance (%) of bacterial phyla (A) and the 20 most abundant bacterial genera (B) present
in the ileal and caecal digesta of pigs fed the experimental dietary treatments. Each bar represents the bacterial
profile of the corresponding sample for each individual pig (n = 6/treatment). The dietary treatments were:
Fresh =liquid feed prepared with fresh ingredients (m ); Fresh + ENZ = Liquid fresh feed supplemented with a
xylanase and 3-glucanase (XB) carbohydrase enzyme (M); Soak =Liquid feed prepared with 3h-soaked cereals
(m); Soak + ENZ = Liquid feed prepared with 3h-soaked cereals supplemented with the XB enzyme ( m).
1Others = All bacterial genera not included in the 20 most abundant.
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when diets were not supplemented with the enzyme. Despite improvements in the ATTD of DM, OM, GE and
CP, improvements in pig growth or feed efficiency were not observed when the enzyme was supplemented to
grow-finisher pigs. Likewise, dietary supplementation with xylanase did not improve pig growth when supple-
mented to soaked diets in other studies®>>. These results are in agreement with a recent meta-analysis®! where
consistent improvements in nutrient digestibility were found over 13 independent XB dietary supplementation
experiments, but these differences did not always result in improvements in pig growth or feed efficiency. Diets
in the current study were formulated to 7% below the NRC recommended level for NE and the greater GE ATTD
together with the increase in carcass backfat thickness observed demonstrates enzyme efficacy.

The intestinal microbiota profile of the pigs reported in this study is, for the most part, in agreement with
that reported in the literature, with the three most abundant phyla in the ileal and caecal digesta of our study
(Firmicutes, Proteobacteria and Bacteroidetes) also found to be the most abundant in a recent meta-analysis
defining the core microbiome of pigs*. However, some differences were observed at genus level which might be
explained, at least in part, by the fact that this is the first study to our knowledge, to report the intestinal micro-
biota profile of liquid-fed pigs, while the studies included in the meta-analysis were conducted in pigs fed diets
in dry form. Nonetheless, there was considerable similarity as regards the predominant genera; in the ileum,
Lactobacillus, Clostridium and Terrisporobacter predominated in our study, while the most abundant genera
reported in the aforementioned meta-analysis were Lactobacillus, Clostridium and Streptococcus. In the caecum,
Prevotella, Streptococcus and Clostridium predominated in our study, while Prevotella, Escherichia/Shigella and
Clostridium were the three most abundant genera in the aforementioned meta-analysis.

In the current study, ileal relative abundance of the LAB, Leuconostoc mesenteroides (ASV14), Lactococcus
raffinolactis (ASV176) and the Lactococcus genus was higher in pigs fed the cereal-soaked diets; however, these
bacterial taxa were negatively associated with ADG and/or carcass weight. This might help to explain why ileal
nutrient digestibility was not increased and also why the results observed for the total tract nutrient digestibility
due to cereal soaking of non-enzyme-supplemented pigs were not translated into increased growth performance
and improved feed efficiency. Although a number of recent studies have reported bacterial taxa that are associated
with body weight (52) and feed efficiency (7, 8, 53, 54) in pigs, to our knowledge, ileal abundance of these bac-
terial taxa has not been associated with growth parameters to date. However, in line with our findings, a higher
abundance of Lactococcus was previously observed in the faeces of lighter body weight pigs®. In humans, LAB are
traditionally seen as having a positive impact on the host>®. However, our results highlight that this does not nec-
essarily mean that these bacterial groups improve growth in production animals. The other bacterial taxon found
to be differentially abundant in the ileum was Cellulosilyticum, which, although at low relative abundance, was
enriched in enzyme-supplemented pigs fed C,,,, diets and also negatively associated with pig growth. However,
in other studies the relative abundance of Cellulosilyticum lentocellum in the jejunum was positively associated
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Cereal form (Cqy,)°: Fresh Fresh Soak Soak P-value®

Enzyme (ENZ)": — + — + SEM¢ ENZ Coake ENZ*C, g,
Ileum digesta'

P_Tenericutes 0.36 0.51 0.04 0.08 0.278 0.67 <0.05 0.10
F_Ruminococcaceae 0.02 0.01 0.02 0.01 0.008 <0.05 0.80 0.40
FE_Enterococcaceae 0.02 0.07 0.04 0.05 0.027 <0.05 0.98 0.39
F_Neisseriaceae 0.01 0.04 0.02 0.06 0.026 <0.05 0.55 0.24
F_Moraxellaceae 0.04 0.16 0.10 0.44 0.234 <0.05 0.55 0.18
F_Lachnospiraceae 0.12° 0.15° 0.15° 1.01° 0.332 <0.05 [0.06 <0.05
G_Lelliottia 0.07 0.04 0.15 0.22 0.063 0.85 <0.05 0.06
G_lIntestinibacter 0.57*0 0.10¢ 0.180 0.89* 0.308 0.78 0.72 <0.05
G_Citrobacter 0.44 0.41 1.44 1.43 0.360 0.96 <0.001 0.06
G_Lachnospiraceae_UCG-007 0.10° 0.09° 0.05° 0.66* 0.252 | 0.07 0.12 <0.05
G_Cellulosilyticum 0.04° 0.08*> 0.03° 0.38* 0.130 <0.05 0.22 <0.05
G_Acinetobacter 0.02° 0.16* 0.10* 0.43* 0.172 0.21 0.32 <0.01
G_Lactococcus 0.11¢ 0.18°0 0.76* 1.72% 0.605 0.60 <0.01 <0.01
Caecum digesta’

F_Spirochaetaceae 0.10° 0.65* 0.45* 1.14* 0.512 0.12 0.42 <0.05
F_Family_XIII 0.16° 0.31%° 0.39* 0.40* 0.075 0.56 0.15 <0.05
F_Bacteroidaceae 0.02° 0.06* 0.05*" 0.08* 0.015 0.12 0.52 <0.05
F_Desulfovibrionaceae 0.02° 0.06%° 0.07%0 0.13* 0.037 0.14 0.12 <0.05
F_Rikenellaceae L17° 2,120 1.87%0 3.03 0.469 | 0.12 0.21 <0.05
F_Enterobacteriaceae 0.17° 1.30* 0.15° 0.14° 0.525 0.12 0.09 <0.05
F_Leuconostocaceae 0.03° 0.08*° 0.19 0.10*° 0.047 0.81 0.11 <0.05
G_Rikenellaceae_RC9_gut_group 1.22° 2.30* 1.94*0 3.17° 0.479 0.09 0.40 <0.05
G_Ruminococcus_2 0.23* 0.10° 0.22* 0.09° 0.042 <0.01 1.00 <0.05
G_Lachnospiraceae_AC2044_group 0.23¢° 0.96* 0.19¢ 0.71%° 0.287 <0.01 0.82 <0.05
G_Leuconostoc 0.02° 0.05b 0.13* 0.09° 0.027 0.76 0.17 <0.05
G_Lachnospiraceae_UCG-001 0.87% 0.39¢ 0.53¢b 0.78*> 0.103 0.51 0.99 <0.05
G_Lachnoclostridium_12 0.03° 0.02¢ 0.03* 0.01¢ 0.000 0.16 0.99 <0.05

Table 6. Relative abundance (%) of microbial taxa differentially abundant according to dietary treatment

in the ileal and caecal digesta of pigs®. *Values within a row that do not share a common superscript are
statistically different (P < 0.05). ®Soaking the cereal fraction of the diet prior to feeding (fresh =0h soaking,
soak =3 h soaking). ‘Enzyme supplementation with a xylanase and 3-glucanase complex [unsupplemented
(=), supplemented (+)]. YSEM = standard error of the mean. °P-value corrected for false discovery rate (FDR).
{P_=Phylum, F_=Family, G_= Genus.

with lean pigs*’, and the faecal relative abundance of the Cellulosilyticum genus was higher in pigs with better feed
efficiency®.

Selenomonas sp. (ASV1599) and Megasphaera elsdenii (ASV18) were lower in relative abundance in the
caecum of pigs fed the enzyme-supplemented diets (M. elsdenii was reduced when the fresh diet was supple-
mented and Selenomonas sp. (ASV1599) when the soaked diet was supplemented). It has been reported that
some Megasphaera species are unable to metabolize xylose (58) (the product of xylanase activity); therefore, it is
possible that supplementation of the XB enzyme complex in the current study favoured the growth of microbial
taxa more adapted to xylose utilisation. As regards the effects of cereal soaking, Roseburia faecis/intestinalis/
hominis (ASV354) decreased in abundance when the Fresh diet was soaked, while Rikenellaceae_ RC9_gut_group
sp. (ASV379) increased. These four differentially abundant taxa in the caecum of pigs (Megasphaera elsdenii,
Selenomonas sp., Roseburia faecis/intestinalis/hominis and Rikenellaceae_RC9_gut_group sp.) were the only taxa
positively associated with pig growth in this study. As shown, these four taxa had to some extent a lower relative
abundance in pigs fed the treatment diets (C,,, or ENZ supplemented). With the exception of Selenomonas sp.
(ASV1599), all of them were also positively associated with caecal butyrate concentration. This is in agreement
with a previous study where Megasphaera elsdenii, Roseburia faecis, and Roseburia hominis were identified as
butyrate-producing within the GIT of pigs®. Butyrate production in the caecum is associated with improved gut
health, reduced proliferation of pathogenic bacteria and also contributes to the animal’s energy balance as it is
metabolised by colonic epithelial cells*. In line with this, some of the taxa that were negatively associated with
growth parameters were also negatively associated with butyrate concentration in the caecum (Prevotellaceae_
NK3B31, Oscillibacter sp., and Clostridium saudiense/disporicum) and these taxa were higher in abundance in
the caecum of pigs fed the enzyme-supplemented diets. These results may help to explain why improvements in
growth and feed efficiency were not found in pigs fed enzyme-supplemented liquid diets despite the observed
improvements in nutrient digestibility. In agreement with our results, Prevotellaceae, Clostridium, Oscillibacter
and Rikenellaceae operational taxonomic groups were more abundant in the caecum of pigs with low feed
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Figure 3. Heatmap showing spearman correlations between the ileal and caecal bacterial taxa found to

be differentially abundant between dietary treatments and selected physiological measures in pigs fed the
different dietary treatments (n = 6/treatment). The relative abundance (%) of each dietary treatment and

the corresponding P-value is shown in the adjacent table. Positive correlations are indicated in blue and
negative correlations are indicated in red. Significant correlations are indicated with asterisks (P < 0.05=*,

P <0.01 =**, P <0.001 ="***)!, 'Values within a row that do not share a common superscript are statistically
different (P < 0.05). 2Soaking the cereal fraction of the diet prior to feeding (fresh =0h soaking, soak=3h
soaking). *Enzyme supplementation with a xylanase and 3-glucanase complex [unsupplemented (—),
supplemented (+)]. “P-value corrected for false discovery rate (FDR). °F_ = Family, G_= Genus, ASV_ = Exact
amplicon sequence variant.

efficiency in previous studies®®¢!. It is also interesting to note, that the taxa with higher abundance in the cae-
cum of enzyme-supplemented pigs differed between those fed fresh and soaked diets; Prevotellaceae_NK3B31 sp.
(ASV388), Oscillibacter sp. (ASV317) and Rikenellaceae_RC9 sp. (ASV977) were increased when the fresh diets
were supplemented with enzyme, whereas, Prevotellaceae NK3B31 sp. (ASV1085) and Clostridium saudiense/
disporicum (ASV110) were increased when the soaked diets were supplemented with enzyme. A possible expla-
nation for this might be that the 3 h soaking time allowed the enzyme complex to begin degradation of substrates
prior to feed delivery and this was reflected in the caecum of pigs fed the soaked diets.

Conclusions

In conclusion, despite evidence of spontaneous fermentation of liquid feed in the pen troughs, minimal deg-
radation of dietary AA resulted. Soaking the cereal fraction of the diet increased pig growth during the early
grow-finisher period but not thereafter. Enzyme supplementation increased total tract nutrient digestibility and
reduced caecal VFA concentrations but did not improve pig growth or feed efficiency. Cereal soaking and enzyme
supplementation modulated the intestinal microbiota composition of liquid-fed pigs; however, our data shows
that both strategies promoted the abundance of bacterial taxa that were negatively associated with pig growth and
reduced the abundance of taxa positively associated with pig growth and butyrate concentration in the caecum.
This may help to explain the lack of consistency observed between nutrient digestibility and pig growth results
when feed enzymes are supplemented to liquid-fed pigs. Additional research is needed to investigate the reliabil-
ity of the associations between growth and microbial taxa identified here. The findings of this study can be used to
design intervention studies where, depending on culturability, the growth-associated taxa are isolated and tested
in-vivo.

Consent for publication.  All authors critically revised the manuscript for important intellectual content
and approved the final manuscript.
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