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Highlights:  

 Dietary supplementation with enzymes increased nutrient digestibility in pigs 

 Mannanase supplementation improved feed efficiency in pigs 

 Multi-enzyme supplementation improved feed efficiency in pigs 

 The cereal source used in the diet influences the response to feed enzymes 

 

ABSTRACT:  

Dietary supplementation of pig diets with exogenous enzymes has been suggested as a strategy 

to increase nutrient digestibility and improve feed efficiency in grow-finisher pigs. However, 

ACCEPTED M
ANUSCRIP

T

mailto:Peadar.lawlor@teagasc.ie


2 
 

inconsistent results are found in the literature. Ingredient composition of the diets is one of the 

most important sources of variation that may affect enzyme efficacy and consistency of results. 

A systematic review and a meta-analysis was therefore conducted to determine which 

exogenous enzymes with which diet type most consistently improve pig growth, nutrient 

digestibility and feed efficiency. Enzyme type and dietary cereal source were the main 

explanatory variables included in the models. The mean difference effects of enzyme 

supplementation on average daily gain (ADG), average daily feed intake (ADFI), gain to feed 

(G:F), apparent ileal digestibility (AiD) and apparent total tract digestibility (ATTD) of dry 

matter (DM), crude protein (CP), and gross energy (GE) were calculated for each study and 

these were used as the effect size estimates in the meta-analysis. A dataset with 139 

comparisons from 67 peer-reviewed publications was used in the meta-analysis. In response to 

enzyme supplementation, G:F was improved in 38 of the 120 comparisons reporting pig growth 

data, remained un-changed in 78 and deteriorated in 4. Overall, DM and GE AiD and ATTD 

were improved by xylanase, xylanase and β-glucanase, mannanase and protease dietary 

supplementation (P<0.05). Crude protein AiD was only improved by protease dietary 

supplementation (P<0.001). Dietary supplementation with xylanase alone improved ADG of 

maize- (P<0.05) and co-product- (P<0.05) based diets but had no effect on the G:F of grow-

finisher pigs. Dietary supplementation with xylanase + β-glucanase had no effect on ADG, 

ADFI and G:F. Protease supplementation tended to improve the ADG of co-product- (P=0.08) 

based diets but had no effect on the G:F of grow-finisher pigs. Dietary supplementation with 

multi-enzyme complexes improved the ADG (P<0.05) and G:F (P<0.01) of maize-, wheat-, 

barley- and co-product-based diets. In conclusion, dietary supplementation with all enzyme 

types improved nutrient digestibility depending on ingredient content, while mannanase and 

multi-enzyme complex supplementation most consistently improved growth and feed 

efficiency.  
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Abbreviations: ADG, average daily gain; ADFI, average daily feed intake; AiD, apparent 

ileal digestibility; ATTD, apparent total tract digestibility; CP, crude protein; DDGS, 

distillers dried grains with solubles; DM, dry matter; GE, gross energy; G:F, gain to feed 

ratio; RSM, rapeseed meal,  

 

Keywords: carbohydrases; mannanase; protease; swine; xylanase; β-glucanase. 

 

1. Introduction 

Nutrient digestibility and feed efficiency in pigs can be increased by supplementation with 

exogenous feed enzymes (Bedford and Schulze, 1998; Kiarie et al., 2013). With feed 

representing ~72% of the total cost of producing pigs (Teagasc, 2016) and pigs being unable 

to utilize all dietary components, strategies to improve feed efficiency are of particular interest 

as a means of increasing environmental as well as economic sustainability (Aarnink and 

Verstegen, 2007; Clark and Tilman, 2017). Feed enzymes are substrate-specific. They target 

specific chemical bonds present in the undigestible components of feed ingredients, normally 

plant materials, converting them into substrates that can be digested by the pig (Adeola and 

Cowieson, 2011). Phytase is the most widely used feed enzyme. It degrades phytic P naturally 

present in plant materials, increasing P digestibility and reducing the necessity to use expensive 

inorganic P in diets (Campbell and Bedford, 1992; Dersjant-Li et al., 2015; Humer et al., 2015). 

After phytase, carbohydrases and proteases are the two enzyme groups most commonly used 

in monogastric diets (Adeola and Cowieson, 2011; Cowieson and Roos, 2016). In-feed 

supplementation of carbohydrases (i.e. xylanase, β-glucanase, β-mannanase, α-galactosidase, 

cellulase, amylase) can increase the digestibility of substrates present in the non-starch 

polysaccharide (NSP) fraction of the diet such as arabinoxylans, glucans, mannans or galactans 

ACCEPTED M
ANUSCRIP

T



4 
 

among others (Bedford and Schulze, 1998; Masey O’Neill et al., 2014). Plant-based diets are 

rich in NSPs that are poorly digested by the pig’s endogenous enzymes but the amount and 

type of NSPs vary by plant species (McDonald et al., 1999; Högberg and Lindberg, 2006). 

Protease may improve the digestibility of amino acids and it has been tested alone as well as 

part of enzyme complexes (Cowieson and Roos, 2016). However, the in-vivo response to 

dietary enzyme supplementation is inconsistent in grow-finisher pigs. Nutrient digestibility and 

growth was increased and feed efficiency improved in some studies (Barrera et al., 2004; 

Woyengo et al., 2008; Emiola et al., 2009; Ndou et al., 2015; Upadhaya et al., 2016a), whereas 

no beneficial effect of enzyme supplementation was found in others (Cervantes et al., 2001; 

Willamil et al., 2012). A systematic review and meta-analysis where the overall responses to 

carbohydrase and protease enzyme supplementation are summarised and factors influencing 

the direction and magnitude of responses are investigated can be particularly instructive. 

Phytase supplementation to pig diets is widely used and the economic and environmental 

benefits associated to their use have already been well proven. Therefore, phytase will not be 

further investigated in this study. 

  

Feed for grow-finisher pigs is mainly manufactured as a mix of plant material (i.e. soybean 

meal and cereals), a fat source (i.e. soya oil and tallow), synthetic amino acids and a vitamin 

and mineral premix. Traditionally, wheat and barley are the most widely used cereals for pig 

diets in Europe; however, depending on availability and volatility of price, the range of plant 

materials used as feed ingredients is much wider. Maize, drought-adapted cereals (i.e. sorghum 

and rye) and by- and co-products from the biofuel industry (i.e. distiller dried grains with 

soluble [DDGS] and rapeseed meal [RSM]) and the milling industry (i.e. wheat bran, pollard) 

are available for use in pig diets. Due to this potential for substitution of ingredients to produce 

least-cost diets, the presence and concentration of potential substrates for exogenous enzymes 
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can vary widely from diet to diet. The objective of this systematic review and meta-analysis 

was to determine which exogenous enzymes are most consistent in improving feed efficiency 

in grow-finisher pigs and with which cereal source. It was hypothesized that the type of enzyme 

supplemented, and the cereal source used in the diet during supplementation would influence 

the nutrient digestibility, growth and feed efficiency response to in-feed enzyme 

supplementation.    

 

2. Material and Methods  

A systematic literature review was conducted using peer-reviewed publications compiled from 

the on-line database Web of ScienceTM. Several searches were performed in November 2017 

to find the publications relevant to the following enzymes: xylanase, β-glucanase, α-amylase, 

mannanase, α-galactosidase, cellulase and protease. The keywords used to perform each search 

were: “name of the enzyme” and “growth” and “pig”. The on-line database contained 

publications from 1987 on, and the search constrained results from patents and publications 

not written in English. Once all publications were collected, only those fulfilling the following 

selection criteria were retained: a) in-vivo swine studies including a control treatment group 

with the same dietary composition as the treatment diet that did not receive an exogenous 

enzyme, b) published in English, c) report growth performance results [average daily gain 

(ADG, g/day), average daily feed intake (ADFI, g/day), feed to gain or feed conversion 

efficiency or gain to feed ratio (G:F)] d) report sample variance (SD or SEM), sample size (n), 

age, sex of pigs and duration of the study. All feed efficiency metrics recorded were converted 

to G:F so that feed efficiency could be compared between experiments. Each study was 

assigned a publication number according to the peer-reviewed publication from which the 

information was extracted. For each study two categorical variables were created in the dataset 

to describe the enzyme type supplemented to the diet and the main cereal source used in the 
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diet formulation. If a diet contained >35% of a specific cereal (maize, wheat, barley, rye or 

sorghum), it was assigned to that cereal type category. Where diets did not contain >35% of a 

specific cereal they were assigned to the category “co-products”. Where a number of enzyme 

inclusion rates were used in individual studies, only the data relating to the highest of these 

were included in the meta-analysis so as to avoid an overweighting of that particular 

enzyme/study in the meta-analysis. The dose-response effect is summarised and discussed 

independently from the meta-analysis. The retained publications were used in the meta-analysis 

to summarize the effect size of enzyme supplementation on ADG, ADFI, G:F, apparent total 

tract digestibility (ATTD) and apparent ileal digestibility (AiD) of dry matter (DM), crude 

protein (CP) and gross energy (GE). The metafor package in R (R Core Team, 2015) was used 

to conduct the meta-analysis (Viechtbauer, 2010) and to construct forest plots. Figures 

summarizing the forest plots were constructed with the ggplot package in R and are presented 

in the manuscript. The complete set of forest plots is given on-line in a PDF file as 

supplementary material. The independent variables (y) included in the linear mixed models of 

the meta-analysis were: ADG, ADFI, G:F, DM ATTD, GE ATTD, CP ATTD, DM AiD, CP 

AiD and GE AiD. Mean difference (MD) was the effect size, calculated by subtracting the 

mean of the control group (CON) from the respective enzyme supplemented group (ENZ) 

following a similar methodology to Bougouin et al. (2014) and according to the formula:  

MDy = y
ENZ 

- y
CON 

The pooled SEM of each study was considered for standardization and weighting of the 

different comparisons. The linear mixed model used included the interaction between two 

categorical explanatory variables as described in the following formula:  

 𝑀𝐷𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒= μ+xizj+ u + e  

The first explanatory variable was enzyme type (x) and comprised i categories: 1) xylanase, 2) 

xylanase+β-glucanase, 3) mannanase, 4) protease and 5) multi-enzymes complex. The second 

ACCEPTED M
ANUSCRIP

T



7 
 

explanatory variable (z) included in the model was the main cereal source used in the diet and 

comprised i categories: 1) maize, 2) wheat, 3) barley, 4) sorghum, 5) rye and 6) co-product 

sources. Publication number was included as a random effect in all models (u) and the error 

term (e) was also included in the model. Forest plots were constructed to show the MD effect 

size estimate and its confidence intervals. Studies in the forest plot are presented in sub-groups 

according to the individual enzyme or enzyme complex supplemented and the main cereal 

source used in the test diets. Funnel plots were constructed to assess publication bias according 

to Viachtbauer (2010) and symmetric plots were observed for all models.  

 

3. Results 

3.1 Systematic review  

A total of 560 publications were retrieved from the search and, after deletion of duplicates and 

articles not fulfilling the meta-analysis selection criteria, 139 comparisons from 67 peer-

reviewed publications were included in the dataset to study the effect of dietary 

supplementation with exogenous enzymes on pig growth, feed efficiency and nutrient 

digestibility. The number of studies excluded as a result of not fulfilling the selection criteria 

and the reason for exclusion are as follows: 124 studies did not test enzyme supplementation 

in feed, 113 studies were performed in weaned pigs, 79 studies were performed in other animal 

species (mainly poultry), 66 studies were not in-vivo trials, 55 studies were duplicates in the 

dataset, 44 studies were not written in English and 12 studies did not provide enough details or 

statistical data. The amount of comparisons found in the peer-reviewed publications for each 

of the variables of interest and for each enzyme type is shown in Table 1. A higher number of 

comparisons were found for growth and ATTD compared to AiD and the enzymes with the 

highest number of comparisons reported were multi-enzyme complexes and xylanase (Table 

1). Supplementation of protease to grow-finisher diets was reported least (14 comparisons from 
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7 peer-reviewed publications). The inclusion percentage of ingredients in the experimental 

diets is presented in Table 2. Thirty-four comparisons examined dietary supplementation of 

enzyme complexes containing various combinations of enzymes. The enzymes included in 

each complex are listed in Table 3.  

 

3.2 Effect of feed enzymes on growth, feed intake and feed efficiency  

From a total of 120 comparisons, 38 found a positive effect, 78 no improvement and 4 a 

negative effect on G:F when feed enzymes were supplemented to grow-finisher diets (Fig. 1 

and 2). Table 4 summarises the MD estimate effects for ADG, ADFI and G:F in response to  

enzyme supplementation. Overall, ADG was improved by mannanase, protease and multi-

enzyme complex supplementation and G:F was improved by mannanase and multi-enzyme 

complex supplementation to grow-finisher pig diets. The efficacy of each enzyme differs 

depending on the main cereal component in the diet; xylanase supplementation to maize- and 

co-product-based diets improved ADG and supplementation of multi-enzyme complexes to 

maize-, wheat-, barley- and co-product-based diets improved ADG and G:F.  

 

3.3 Effect of feed enzymes on ATTD digestibility  

Table 5 summarises MD estimate effects for ATTD of DM, CP and GE in response to enzyme 

supplementation. Overall, ATTD of DM was improved in response to xylanase, xylanase + β-

glucanase, mannanase, and protease supplementation; ATTD of CP and GE were improved 

when xylanase, xylanase + β-glucanase, mannanase and protease were supplemented. The 

efficacy of each enzyme differed depending on the cereal source used in the diet formulation. 

For instance, DM, CP and GE ATTD was improved by multi-enzyme complex 

supplementation to maize- and wheat-based diets, but not when supplemented to barley-, rye-, 

sorghum- and co-product-based diets. 
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3.4 Effect of feed enzymes on AiD digestibility  

Table 6 summarises the MD estimate effects for AiD of DM, CP and GE in response to enzyme 

supplementation. Overall, AiD of DM was improved by mannanase, protease and multi-

enzyme complex supplementation; AiD of CP was only improved when protease was 

supplemented to pig diets and AiD of GE was improved by xylanase, xylanase + β-glucanase, 

and protease dietary supplementation. The response to enzyme supplementation differed 

depending on enzyme type and the cereal source used in the diet formulation. For instance, 

xylanase improved AiD of DM when supplemented to wheat-based diets but not when 

supplemented to maize- or rye-based diets.  

 

4. Discussion  

The number of studies investigating the individual supplementation of NSP-degrading 

enzymes (xylanase, xylanase + β-glucanase and mannanase) and multi-enzyme complex 

preparations was greater than the number of studies investigating protease supplementation. 

Regarding the variables studied, growth and ATTD data were reported in most of the studies 

but only a small number of studies reported AiD data. Therefore, the estimates calculated for 

protease, especially for AiD data must be treated with caution as they are based on a relatively 

low number of observations. 

 

4.1 Xylanase and xylanase + β-glucanase complex  

Xylanase alone or in combination with β-glucanase is the enzyme that has been most studied 

in the literature to date. The results of the meta-analysis indicate that xylanase improves AiD 

and ATTD of GE when supplemented to wheat- and maize-based diets. Xylanase 

supplementation also improved the ATTD of DM and CP, and AiD of DM when supplemented 
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to wheat-based diets. Xylanase degrades the arabinoxylans present in the outer fraction of the 

cereal grain (Bedford and Schulze, 1998; Huntley and Patience, 2018). The concentration of 

arabinoxylans in wheat (7.3%) is higher than in maize grains (3.8 - 4.7%; Knudsen, 2014). 

Therefore, the nutrient digestibility response was, as expected, more pronounced in wheat- 

(+1.1% DM ATTD, +1.4% CP ATTD, +1.1% GE ATTD, +2.3% DM AiD, +3.6% GE AiD) 

than in maize-based diets (+1.0% DM ATTD, +1.0% GE ATTD, +3.0% GE AiD). However, 

unexpectedly, xylanase supplementation improved ADG when supplemented to maize-based 

diets but not when supplemented to wheat-based diets. Although rye grains are also rich in 

arabinoxylans (9.5%; Knudsen, 2014), few experiments with rye-based diets reported the AiD 

of DM and CP, and as a consequence no improvements in nutrient digestibility were found in 

the meta-analysis. With an arabinoxylan concentration of 8.4% (Knudsen, 2014) barley is a 

potential substrate for xylanase; however, studies with individual xylanase supplementation to 

barley-based diets were not found in the literature. Since barley is also rich in β-glucans (5%; 

Knudsen, 2014), research with barley-based diets has been more focused on combined xylanase 

+ β-glucanase supplementation. However, supplementation with xylanase + β-glucanase had 

limited success in improving nutrient digestibility in barley-based diets. When supplemented 

to co-product-based diets, xylanase + β-glucanase increased AiD of GE (+15.1%) and ATTD 

of DM (+4.3%), CP (+4.8%) and GE (+4.4%). In this instance co-product-based diets were 

mainly based on wheat-DDGS, corn-DDGS and/or RSM. The arabinoxylan content of RSM is 

6% (Knudsen, 2014) and the arabinoxylan content in DDGS, while more concentrated in the 

DDGS, depends on the particular cereal used for biofuel production co-product (Jaworski et 

al., 2015).  

 

Despite the multiple improvements found in terms of nutrient digestibility when xylanase or 

the xylanase + β-glucanase complex were supplemented to pig diets, this was not reflected in 
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significant improvements in G:F. Therefore, from the results of this meta-analysis, it appears 

that the arabinose, xylose and/or glucans released by xylanase and xylanase + β-glucanase are 

inefficiently used by the pig. It is well proven in the literature that xylose, arabinose and glucans 

disappear in the small intestine of monogastric animals (Schutte et al., 1991; Yule and Fuller, 

1992; Knudsen and Jorgensen, 2007). However, as summarized by the review of Huntley and 

Patience (2018) the metabolization of xylose through oxidative pathways is very inefficient in 

pigs. When pure xylose and/or arabinose is supplemented to pig diets, a high proportion of that 

absorbed is excreted in the urine (Wise et al., 1954; Yule and Fuller, 1992). The health 

promoting benefits of β-glucans in monogastrics are well known (Ewaschuk et al., 2012; 

Laerke et al., 2014), however, their contribution to energy balance upstream of the large 

intestine has not been well investigated. Products released by xylanase and xylanase + β-

glucanase can also contribute to the energy balance of pigs through the absorption of short 

chain fatty acids produced during microbial fermentation in the large intestine. There is 

evidence that xylanase and xylanase + β-glucanase supplementation can influence the 

microbial composition within the gastrointestinal tract of pigs (O'Connell et al., 2005; Reilly 

et al., 2010; Lan et al., 2017); however, the microbial species that can most efficiently use 

xylose, arabinose and glucans are unknown. Therefore, the basal intestinal microbial 

composition of the pigs in each experiment is likely another source of the variability in feed 

efficiency observed. Other factors that might that may explain the inconsistency in effect on 

G:F  in response to these enzymes are: a) variability in arabinoxylan composition of the cereal 

sources and b) variability in management and high health conditions between experiments.  

Arabinoxylan composition of individual cereals is high and depends on cereal quality, harvest 

time and conditions, level and type of impurities etc. In a recent study, Clarke et al. (2018) 

observed a positive response to xylanase + β-glucanase when it was supplemented to a diet 

based on low quality barley (higher crude fibre content but a lower content of β-glucans) but 
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no response was found when supplemented to a diet based on high quality barley. Therefore, 

studies performed with similar ingredient composition could potentially have a very different 

concentrations of substrate to be degraded by the enzymes thereby explaining the inconsistent 

results found. Likewise, in-vivo experiments in research facilities are often performed under 

good management and high health conditions, allowing pigs to grow to their maximum 

potential which leaves little scope for improvement due to enzyme supplementation. 

 

4.3 Mannanase 

 The results of the meta-analysis indicate that mannanase supplementation to maize-based pig 

diets can increase nutrient digestibility (+3.1% DM AiD, +0.8% DM ATTD, +1.0% CP ATTD 

and +1.0% GE ATTD) and increase ADG (+19.4 g/day) and feed efficiency (+0.7% G:F).. 

Despite the positive effects found here with mannanase, its supplementation alone is not 

commonly practiced and as such this deserves more attention in the future. Mannanase 

degrades the galactomannans in mono-oligosaccharides. Galactomannans are present as a 

reservoir polysaccharide in the cell walls of legumes and palm seed (Gidley and Reid, 2006; 

Buckeridge, 2010). The principal source of galactomannans in pig diets is the soya bean meal 

with a galactomannan content of up to 2% (Hsiao et al., 2006). Ten peer-reviewed publications 

included in this meta-analysis investigated the effect of mannanase supplementation to grow-

finisher pigs. The content of soybean meal in the respective experimental diets varied between 

20 and 42%. Two studies also included palm kernel as a dietary ingredient (Kim et al., 2013a; 

Mok et al., 2015). Very consistent responses to mannanase supplementation were found in this 

meta-analysis. All diets to which mannanase was supplemented were formulated with maize 

as the main cereal.. The use of mannanase in diets based on other cereals has not yet been 

investigated and research with diets based on other type of cereals is needed. 
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4.4 Protease 

The results of the current meta-analysis indicate that protease supplementation to grow-finisher 

pig diets can increase nutrient digestibility and growth; however, the number of peer-reviewed 

publications in the meta-analysis was low and consequently results should be treated with 

caution. For example, the MD estimates for protease supplementation to co-product- and 

barley-based diets relies on one publication for each, however, this is the best estimate that can 

currently be determined with the available data. When diets were formulated with maize, the 

AiD and ATTD of DM, GE and CP were improved due to protease supplementation; however, 

no improvements in G:F were found. On the other hand, when protease was supplemented to 

diets formulated with co-products, ATTD was unchanged but ADG (+68.1 g/day) tended to 

increase. The variability in results due to protease supplementation could also be due to 

differences in amino acid digestibility. Two meta-analyses using collated data from poultry and 

pigs previously reported improvements in the apparent ileal digestibility of amino acids in 

response to supplementation with different sources of protease (Cowieson and Roos, 2014; Lee 

et al., 2018). Both of these studies used a merged dataset for poultry and pigs at all growing 

stages and consequently the specific effect of protease in grow-finisher pigs cannot be 

extrapolated. Lee et al. (2018) also summarized the MD estimate effect for growth in response 

to protease supplementation to pig diets using a dataset (mixture of published and unpublished 

internal data) including all growth stages of pigs. They found no improvements in ADG, ADFI 

or G:F; however, the specific effect of protease in grow-finisher pigs cannot be determined 

from this study either. In comparison to our dataset, Lee et al. (2018) included data for protease 

supplementation to grow-finisher pig diets from only 5 peer-reviewed publications (O'Doherty 

and Forde, 1999; O'Shea et al., 2014; Pan et al., 2016; Upadhaya et al., 2016b; Pan et al., 2017) 

compared with the 11 peer-reviewed publications included in our meta-analysis. The latter 
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highlights the importance of performing a structured systematic review prior to dataset 

compilation when conducting a meta-analysis.  

 

4.5 Enzyme complexes  

Dietary supplementation with multi-enzyme complexes had the most consistent effect in terms 

of improving nutrient digestibility and feed efficiency in grow-finisher pigs. The results from 

this meta-analysis indicate that G:F was improved when a multi-enzyme complex was 

supplemented to maize- (+1.9%), wheat- (+2.1%), barley- (+2.1%) and co-product- (+2.5%) 

based diets. The multi-enzyme complexes used in the experiments had combinations of 2, 3 or 

4 different enzymes and the enzyme composition of the complexes varied between 

experiments, comprising phytase, cellulase, xylanase, β-glucanase, protease, mannanse, α-

galactosidase, and α-amylase. It can be speculated from the results of this meta-analysis that 

synergies exist between enzymes and beneficial additive effects can be observed when 

enzymes are supplemented together. In a previous meta-analysis of enzyme supplementation 

to weaner pig diets, multi-enzyme supplementation also consistently increased G:F of piglets 

(Torres-Pitarch et al., 2017). However, as more than one enzyme is included in the product, the 

contribution of each individual component and their additivity cannot be separated in most of 

the experimental designs used. Additive improvements to ADG (Lyberg et al., 2008) and G:F 

(Kim et al., 2008) have been found when phytase and xylanase were supplemented together; 

however, other studies found no additive effect on G:F (Olukosi et al., 2007; Woyengo et al., 

2008). Mok et al. (2013) found no additive effects when mannanase and phytase were 

supplemented to grow-finisher pig diets. O’Shea et al. (2014) found an additive response from 

xylanase and protease for AiD of GE in grow-finisher pigs, but none was observed for G:F. 

More studies in which enzymes are supplemented both individually and in combination are 

needed to determine the additive effect of enzyme supplementation in grow-finisher diets. 
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4.6 Dose effect on response to enzyme supplementation  

Exogenous enzymes are usually supplemented to pig diets at the manufacturer’s recommended 

inclusion level. The recommended dose of a commercial enzyme product is based on the purity 

of the product (enzyme activity) and cost-benefit estimations. It was not possible to include the 

concentration of enzyme activity as a variable in the meta-analysis for several reasons: activity 

of enzyme products is measured under different conditions, often expressed in different units 

and sometimes the activities recovered in the feed are not even reported in publications. In the 

current systematic review and meta-analysis, 8 publications used more than one dose when 

testing the effect of exogenous enzyme supplementation. In general, positive linear growth and 

nutrient digestibility responses were found with increasing dietary enzyme inclusion rates in 

grow-finisher pigs. Positive linear increases in ADG and G:F were found when increasing 

doses of xylanase were supplemented to wheat-based diets (Barrera et al., 2004; Yang et al., 

2017) and RSM-based diets (Fang et al., 2007a; Fang et al., 2007b). Barrera et al. (2004) also 

found a positive linear response for AiD of CP when increasing doses of xylanase were 

supplemented to a wheat-based diet. Woyengo et al. (2008) found no effect of xylanase 

supplementation at any of the two doses they supplemented to wheat-based diets. Increasing 

the dietary inclusion of mannanase resulted in a positive linear response for ADG, G:F, ATTD 

of GE and ATTD of CP when supplemented to maize-based diets (Yoon et al., 2010; Kim et 

al., 2017). No effect was found when increasing doses of enzyme complexes were 

supplemented to maize- (Ao et al., 2010) or RSM-based diets (Fang et al., 2007a). Contrary to 

this, Fang et al. (2007b) found an increased ADG response when a higher dose of a multi-

enzyme complex was supplemented to a RSM-based diet.  

 

5. Conclusions 
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Dietary supplementation with mannanase, and multi-enzyme complexes increased growth and 

feed efficiency in grow-finisher pigs. Despite the improvements found in nutrient digestibility 

in response to xylanase or xylanase + β-glucanase supplementation, they did not improve feed 

efficiency in grow-finisher pigs. The response to enzyme supplementation is influenced by the 

main cereal source used in the diet formulation. Dietary supplementation with mannanase 

increased feed efficiency with maize-based diets and dietary supplementation with multi-

enzyme complexes improved feed efficiency when maize-, wheat-, barley- and co-product-

based diets were fed to grow-finisher pigs.  

 

6. Aknowledgments 

Research leading to these results received funding from the Teagasc-funded project PIG-

ZYME (project no. PDPG6671) and the European Union’s Seventh Framework Programme 

for research, technological development and demonstration (ECO-FCE project no. 311794). A. 

Torres-Pitarch is funded by the Teagasc Walsh Fellowship programme.  

  

ACCEPTED M
ANUSCRIP

T



17 
 

 

6. References 

Aarnink, A. J. A., and M. W. A. Verstegen. 2007. Nutrition, key factor to reduce environmental 

load from pig production. Livest. Sci. 109: 194-203. 

Adeola, O., and A. J. Cowieson. 2011. BOARD-INVITED REVIEW: Opportunities and 

challenges in using exogenous enzymes to improve nonruminant animal production. J. 

Anim. Sci. 89: 3189-3218. 

Agyekum, A., J. Sands, A. Regassa, E. Kiarie, D. Weihrauch, W. Kim, and C. Nyachoti. 2015. 

Effect of supplementing a fibrous diet with a xylanase and β-glucanase blend on growth 

performance, intestinal glucose uptake, and transport-associated gene expression in 

growing pigs. J. Anim. Sci. 93: 3483-3493. 

Ao, X., Q. Meng, L. Yan, H. Kim, S. Hong, J. Cho, and I. Kim. 2010. Effects of non-starch 

polysaccharide-degrading enzymes on nutrient digestibility, growth performance and 

blood profiles of growing pigs fed a diet based on corn and soybean meal. Asian-

Australas. J. Anim. Sci. 23: 1632-1638. 

Ayoade, D. I., E. Kiarie, T. A. Woyengo, B. A. Slominski, and C. M. Nyachoti. 2012. Effect 

of a carbohydrase mixture on ileal amino acid digestibility in extruded full-fat soybeans 

fed to finishing pigs. J. Anim. Sci. 90: 3842-3847. 

Barrera, M., M. Cervantes, W. Sauer, A. Araiza, and N. Torrentera. 2004. Ileal amino acid 

digestibility and performance of growing pigs fed wheat-based diets supplemented with 

xylanase. J. Anim. Sci. 82: 1997-2003. 

Bedford, M. R., and H. Schulze. 1998. Exogenous enzymes for pigs and poultry. Nutr. Res. 

Rev. 11: 91-114. 

ACCEPTED M
ANUSCRIP

T



18 
 

Bougouin, A., J. A. Appuhamy, E. Kebreab, J. Dijkstra, R. P. Kwakkel, and J. France. 2014. 

Effects of phytase supplementation on phosphorus retention in broilers and layers: a 

meta-analysis. Poult. Sci. 93: 1981-1992. 

Buckeridge, M. S. 2010. Seed Cell Wall Storage Polysaccharides: Models to Understand Cell 

Wall Biosynthesis and Degradation. Plant Physiol. 154: 1017. 

Campbell, G. L., and M. R. Bedford. 1992. Enzyme applications for monogastric feeds: A 

review. Can. J. Anim. Sci. 72: 449-466. 

Cervantes, M., J. González, N. Torrentera, V. González, M. Cervantes, and M. Cuca. 2001. 

Addition of a fungal protease to low and high protein sorghum-or wheat-soyabean meal 

diets on ileal amino acid digestibility and performance of growing pigs. J. Anim. Feed 

Sci. 10: 457-470. 

Cho, J., and I. Kim. 2013. Effects of beta mannanase and xylanase supplementation in low 

energy density diets on performances, nutrient digestibility, blood profiles and meat 

quality in finishing pigs. Asian J. Anim. Vet. Adv. 8: 622-630. 

Chu, K., J. Kim, B. Chae, Y. Chung, and I. K. Han. 1998. Effects of processed barley on growth 

performance and ileal digestibility of growing pigs. Asian-Australas. J. Anim. Sci. 11: 

249-254. 

Clark, M., and D. Tilman. 2017. Comparative analysis of environmental impacts of agricultural 

production systems, agricultural input efficiency, and food choice. Env. Res. Lett. 12: 

064016. 

Clarke, L. C., T. Sweeney, E. Curley, V. Gath, S. K. Duffy, S. Vigors, G. Rajauria, and J. V. 

O’Doherty. 2018. Effect of β-glucanase and β-xylanase enzyme supplemented barley 

diets on nutrient digestibility, growth performance and expression of intestinal nutrient 

transporter genes in finisher pigs. Anim. Feed Sci. Technol. 238: 98-110. 

ACCEPTED M
ANUSCRIP

T



19 
 

Cowieson, A. J., and F. F. Roos. 2014. Bioefficacy of a mono-component protease in the diets 

of pigs and poultry: a meta-analysis of effect on ileal amino acid digestibility. J. Appl. 

Anim. Nutr. 2 (e13): 1-8. 

Cowieson, A. J., and F. F. Roos. 2016. Toward optimal value creation through the application 

of exogenous mono-component protease in the diets of non-ruminants. Anim. Feed Sci. 

Technol. 221: 331-340. 

Dersjant-Li, Y., A. Awati, H. Schulze, and G. Partridge. 2015. Phytase in non-ruminant animal 

nutrition: a critical review on phytase activities in the gastrointestinal tract and 

influencing factors. J. Sci. Food Agric. 95: 878-896. 

Emiola, I., F. Opapeju, B. Slominski, and C. Nyachoti. 2009. Growth performance and nutrient 

digestibility in pigs fed wheat distillers dried grains with solubles-based diets 

supplemented with a multicarbohydrase enzyme. J. Anim. Sci. 87: 2315-2322. 

Ewaschuk, J. B., I. R. Johnson, K. L. Madsen, T. Vasanthan, R. Ball, and C. J. Field. 2012. 

Barley-derived beta-glucans increases gut permeability, ex vivo epithelial cell binding 

to E. coli, and naive T-cell proportions in weanling pigs. J. Anim. Sci. 90: 2652-2662. 

Fang, Z. F., J. Peng, Z. L. Liu, and Y. G. Liu. 2007a. Responses of non-starch polysaccharide-

degrading enzymes on digestibility and performance of growing pigs fed a diet based 

on corn, soya bean meal and Chinese double-low rapeseed meal. J. Anim. Physiol. 

Anim. Nutr. 91: 361-368. 

Fang, Z. F., J. Peng, T. J. Tang, Z. L. Liu, J. J. Dai, and L. Z. Jin. 2007b. Xylanase 

supplementation improved digestibility and performance of growing pigs fed chinese 

double-low rapeseed meal inclusion diets: in vitro and in vivo studies. Asian-Australas. 

J. Anim. Sci. 20: 1721-1728. 

ACCEPTED M
ANUSCRIP

T



20 
 

Flis, M., A. Maślanek, and Z. Antoszkiewicz. 2005. Growth performance, nutrient digestibility 

and protein utilization in growing pigs fed naked oat with β-glucanase supplementation 

as a substitute for wheat. Veterinarija ir Zootechnika 31. 

Flis, M., and W. Sobotka. 2005. Fine particle size and enzyme supplementation as factors 

improving utilization of protein from diets with lowered protein contents by pigs. J. 

Anim. Feed Sci. 14: 341-344. 

Flis, M., W. Sobotka, and Z. Zdunczyk. 1998. Replacement of soybean meal by white lupin 

cv. Bardo seeds and the effectiveness of b-glucanase and xylanase in growing-finishing 

pig diets. J. Anim. Feed Sci. 7: 301-312. 

Garry, B., M. Fogarty, T. Curran, M. O'Connell, and J. O'Doherty. 2007. The effect of cereal 

type and enzyme addition on pig performance, intestinal microflora, and ammonia and 

odour emissions. Anim. 1: 751-757. 

Gidley, M., and J. Reid. 2006. Galactomannans and other cell wall storage polysaccharides in 

seeds. In: A. M. Stephen and G. O. Phillips (eds.) Food polysaccharides and their 

applications. CRC press. 

Hanczakowska, E., M. Świątkiewicz, and I. Kühn. 2012. Efficiency and dose response of 

xylanase in diets for fattening pigs. Annals Anim. Sannacience 12: 539. 

Högberg, A., and J. E. Lindberg. 2006. The effect of level and type of cereal non-starch 

polysaccharides on the performance, nutrient utilization and gut environment of pigs 

around weaning. Anim. Feed Sci. Technol. 127: 200-219. 

Hsiao, H. Y., D. M. Anderson, and N. M. Dale. 2006. Levels of β-Mannan in Soybean Meal. 

Poult. Sci. 85: 1430-1432. 

Humer, E., C. Schwarz, and K. Schedle. 2015. Phytate in pig and poultry nutrition. J. Anim. 

Physiol. Anim. Nutr. 99: 605-625. 

ACCEPTED M
ANUSCRIP

T



21 
 

Huntley, N. F., and J. F. Patience. 2018. Xylose: absorption, fermentation, and post-absorptive 

metabolism in the pig. J. Anim. Sci. Biotech. 9: 9. 

Jacela, J. Y., S. S. Dritz, J. M. DeRouchey, M. D. Tokach, R. D. Goodband, and J. L. Nelssen. 

2010. Effects of Supplemental Enzymes in Diets Containing Distillers Dried Grains 

with Solubles on Finishing Pig Growth Performance. Professional Anim. Sci. 26: 412-

424. 

Jakobsen, G. V., B. B. Jensen, K. E. B. Knudsen, and N. Canibe. 2015. Fermentation and 

addition of enzymes to a diet based on high-moisture corn, rapeseed cake, and peas 

improve digestibility of nonstarch polysaccharides, crude protein, and phosphorus in 

pigs. J. Anim. Sci. 93: 2234-2245. 

Jaworski, N. W., H. N. Laerke, K. E. Bach Knudsen, and H. H. Stein. 2015. Carbohydrate 

composition and in vitro digestibility of dry matter and nonstarch polysaccharides in 

corn, sorghum, and wheat and coproducts from these grains. J. Anim. Sci. 93: 1103-

1113. 

Jo, J., S. Ingale, J. Kim, Y. Kim, K. Kim, J. Lohakare, J. Lee, and B. Chae. 2012. Effects of 

exogenous enzyme supplementation to corn-and soybean meal-based or complex diets 

on growth performance, nutrient digestibility, and blood metabolites in growing pigs. 

J. Anim. Sci. 90: 3041-3048. 

Kiarie, E., A. Owusu-Asiedu, A. Peron, P. Simmins, and C. Nyachoti. 2012. Efficacy of 

xylanase and β-glucanase blend in mixed grains and grain co-products-based diets for 

fattening pigs. Livest. Sci. 148: 129-133. 

Kiarie, E., L. F. Romero, and C. M. Nyachoti. 2013. The role of added feed enzymes in 

promoting gut health in swine and poultry. Nutr. Res. Rev. 26: 71-88. 

Kim, B. G., J. Z. Tian, J. S. Lim, D. Y. Kil, H. Y. Jeon, Y. K. Chung, and Y. Y. Kim. 2004. 

Influences of enzyme complex supplementation on growth, ileal and apparent fecal 

ACCEPTED M
ANUSCRIP

T



22 
 

digestibility and morphology of small intestine in pigs. Asian-Australas. J. Anim. Sci. 

17: 1729-1735. 

Kim, I., J. Hancock, R. Hines, and C. Kim. 1998. Effects of cellulase enzymes and bacterial 

feed additives on the nutritional value of sorghum grain for finishing pigs. Asian-

Australas. J. Anim. Sci. 11: 538-544. 

Kim, J., S. Ingale, S. Lee, K. Kim, J. Lee, and B. Chae. 2013a. Effects of energy levels of diet 

and β-mannanase supplementation on growth performance, apparent total tract 

digestibility and blood metabolites in growing pigs. Anim. Feed Sci. Technol. 186: 64-

70. 

Kim, J. C., J. S. Sands, B. P. Mullan, and J. R. Pluske. 2008. Performance and total-tract 

digestibility responses to exogenous xylanase and phytase in diets for growing pigs. 

Anim. Feed Sci. Technol. 142: 163-172. 

Kim, J. S., S. L. Ingale, A. R. Hosseindoust, S. H. Lee, J. H. Lee, and B. J. Chae. 2017. Effects 

of mannan level and β-mannanase supplementation on growth performance, apparent 

total tract digestibility and blood metabolites of growing pigs. Anim. 11: 202-208. 

Kim, K. H., J. H. Cho, and I. H. Kim. 2013b. Effects of dietary carbohydrases on growth 

performance, nutrient digestibility and blood characteristics in finishing pigs. J. Anim. 

Sci. Technol. 55: 289-293. 

Kim, S. W., J. H. Zhang, K. T. Soltwedel, and D. A. Knabe. 2006. Use of carbohydrases in 

corn-soybean meal based grower-finisher pig diets. Anim. Res. 55: 563-578. 

Knudsen, K. E. B. 2014. Fiber and nonstarch polysaccharide content and variation in common 

crops used in broiler diets. Poult. Sci. 93: 2380-2393. 

Knudsen, K. E. B., and H. Jorgensen. 2007. Impact of wheat and oat polysaccharides provided 

as rolls on the digestion and absorption processes in the small intestine of pigs. J. Sci. 

Food Agric. 87: 2399-2408. 

ACCEPTED M
ANUSCRIP

T



23 
 

Laerke, H. N., S. Arent, S. Dalsgaard, and K. E. Bach Knudsen. 2015. Effect of xylanases on 

ileal viscosity, intestinal fiber modification, and apparent ileal fiber and nutrient 

digestibility of rye and wheat in growing pigs. J. Anim. Sci. 93: 4323-4335. 

Laerke, H. N., L. S. Mikkelsen, H. Jorgensen, and S. K. Jensen. 2014. Effect of beta-Glucan 

Supplementation on Acute Postprandial Changes in Fatty Acid Profile of Lymph and 

Serum in Pigs. Int. J. Mol. Sci. 15: 13881-13891. 

Lan, R., T. Li, and I. Kim. 2017. Effects of xylanase supplementation on growth performance, 

nutrient digestibility, blood parameters, fecal microbiota, fecal score and fecal noxious 

gas emission of weaning pigs fed corn-soybean meal-based diet. Anim. Sci. J. 88: 1398-

1405. 

Lee, S. A., M. R. Bedford, and C. L. Walk. 2018. Meta-analysis: explicit value of mono-

component proteases in monogastric diets. Poult. Sci. 0: 1-8. 

Lee, S. D., H. J. Jung, K. H. Cho, J. C. Park, I. C. Kim, P. N. Seong, and Y. M. Song. 2011. 

Effects of corn dried distiller's grains with solubles and enzyme premix supplements on 

growth performance, carcass characteristics and meat quality parameters in finishing 

pigs. Anim. Sci. J. 82: 461-467. 

Lipiński, K., H. Skórko-Sajko, C. Purwin, Z. Antoszkiewicz, and M. Werpachowski. 2013. 

Effect of xylanase supplementation to cereal-based diets on apparent fecal digestibility 

and growth performance of pigs. Annals Anim. Sci. 13: 303-311. 

Lv, J., Y. Chen, X. Guo, X. Piao, Y. Cao, and B. Dong. 2013. Effects of supplementation of β-

mannanase in corn-soybean meal diets on performance and nutrient digestibility in 

growing pigs. Asian-Australas. J. Anim. Sci. 26: 579. 

Lyberg, K., H. K. Andersson, J. S. Sands, and J. E. Lindberg. 2008. Influence of phytase and 

xylanase supplementation of a wheat-based diet on digestibility and performance in 

growing pigs. Acta Agric. Scand. Sect. A Anim. Sci. 58: 146-151. 

ACCEPTED M
ANUSCRIP

T



24 
 

Masey O’Neill, H. V., J. A. Smith, and M. R. Bedford. 2014. Multicarbohydrase Enzymes for 

Non-ruminants. Asian-Australas. J. Anim. Sci. 27: 290-301. 

Mavromichalis, I., J. D. Hancock, B. W. Senne, T. L. Gugle, G. A. Kennedy, R. H. Hines, and 

C. L. Wyatt. 2000. Enzyme supplementation and particle size of wheat in diets for 

nursery and finishing pigs. J. Anim. Sci. 78: 3086-3095. 

McDonald, D. E., D. W. Pethick, J. R. Pluske, and D. J. Hampson. 1999. Adverse effects of 

soluble non-starch polysaccharide (guar gum) on piglet growth and experimental 

colibacillosis immediately after weaning. Res. Vet. Sci. 67: 245-250. 

Mok, C., J. Lee, and B. Kim. 2013. Effects of exogenous phytase and β-mannanase on ileal 

and total tract digestibility of energy and nutrient in palm kernel expeller-containing 

diets fed to growing pigs. Anim. Feed Sci. Technol. 186: 209-213. 

Mok, C. H., C. Kong, and B. G. Kim. 2015. Combination of phytase and β-mannanase 

supplementation on energy and nutrient digestibility in pig diets containing palm kernel 

expellers. Anim. Feed Sci. Technol. 205: 116-121. 

Moran, K., C. F. de Lange, P. Ferket, V. Fellner, P. Wilcock, and E. van Heugten. 2016. 

Enzyme supplementation to improve the nutritional value of fibrous feed ingredients in 

swine diets fed in dry or liquid form. J. Anim. Sci. 94: 1031-1040. 

Ndou, S. P., E. Kiarie, A. K. Agyekum, J. M. Heo, L. F. Romero, S. Arent, R. Lorentsen, and 

C. M. Nyachoti. 2015. Comparative efficacy of xylanases on growth performance and 

digestibility in growing pigs fed wheat and wheat bran- or corn and corn DDGS-based 

diets supplemented with phytase. Anim. Feed Sci. Technol. 209: 230-239. 

O'Connell, J. M., T. Sweeney, J. J. Callan, and J. V. O'Doherty. 2005. The effect of cereal type 

and exogenous enzyme supplementation in pig diets on nutrient digestibility, intestinal 

microflora, volatile fatty acid concentration and manure ammonia emissions from 

finisher pigs. Anim. Sci. 81: 357-364. 

ACCEPTED M
ANUSCRIP

T



25 
 

O'Doherty, J. V., and S. Forde. 1999. The Effect of Protease and &#x3b1;-Galactosidase 

Supplementation on the Nutritive Value of Peas for Growing and Finishing Pigs. Irish 

J. Agr. Food Res. 38: 217-226. 

O'Shea, C. J., P. O. Mc Alpine, P. Solan, T. Curran, P. F. Varley, A. M. Walsh, and J. V. O. 

Doherty. 2014. The effect of protease and xylanase enzymes on growth performance, 

nutrient digestibility, and manure odour in grower-finisher pigs. Anim. Feed Sci. 

Technol. 189: 88-97. 

Olukosi, O. A., J. S. Sands, and O. Adeola. 2007. Supplementation of carbohydrases or phytase 

individually or in combination to diets for weanling and growing-finishing pigs. J. 

Anim. Sci. 85: 1702-1711. 

Pan, L., Q. H. Shang, X. K. Ma, Y. Wu, S. F. Long, Q. Q. Wang, and X. S. Piao. 2017. Coated 

compound proteases improve nitrogen utilization by decreasing manure nitrogen output 

for growing pigs fed sorghum soybean meal based diets. Anim. Feed Sci. Technol. 230: 

136-142. 

Pan, L., P. F. Zhao, Z. Y. Yang, S. F. Long, H. L. Wang, Q. Y. Tian, Y. T. Xu, X. Xu, Z. H. 

Zhang, and X. S. Piao. 2016. Effects of Coated Compound Proteases on Apparent Total 

Tract Digestibility of Nutrients and Apparent Ileal Digestibility of Amino Acids for 

Pigs. Asian-Australas. J. Anim. Sci. 29: 1761-1767. 

Park, J. S., I. H. Kim, J. D. Hancock, C. L. Wyatt, K. C. Behnke, and G. A. Kennedy. 2003. 

Effects of Expander Processing and Enzyme Supplementation of Wheat-based Diets 

for Finishing Pigs. Asian-Australas. J. Anim. Sci. 16: 248-256. 

Pettey, L., S. Carter, B. Senne, and J. Shriver. 2002. Effects of beta-mannanase addition to 

corn-soybean meal diets on growth performance, carcass traits, and nutrient 

digestibility of weanling and growing-finishing pigs. J. Anim. Sci. 80: 1012-1019. 

ACCEPTED M
ANUSCRIP

T



26 
 

R Core Team. 2015. R: A language and Environment for Statistical Computing. R Fundation 

for Statistical Computing, Vienna, Austria. 

Reilly, P., T. Sweeney, C. O'Shea, K. M. Pierce, S. Figat, A. G. Smith, D. A. Gahan, and J. V. 

O’Doherty. 2010. The effect of cereal-derived beta-glucans and exogenous enzyme 

supplementation on intestinal microflora, nutrient digestibility, mineral metabolism and 

volatile fatty acid concentrations in finisher pigs. Anim. Feed Sci. Technol. 158: 165-

176. 

Reyna, L., J. L. Figueroa, V. Zamora, J. L. Cordero, M. T. Sánchez-Torres, and M. Cuca. 2006. 

Addition of protease to standard diet or low protein, amino acid-supplemented, 

sorghum-soybean meal diets for growing-finishing pigs. J. Anim. Vet. Adv. 12: 1202-

1208. 

Schutte, J. B., J. de Jong, R. Polziehn, and M. W. Verstegen. 1991. Nutritional implications of 

D-xylose in pigs. Br. J. Nutr. 66: 83-93. 

Schwarz, T., A. Turek, J. Nowicki, R. Tuz, B. Rudzki, and P. Bartlewski. 2016. Production 

value and cost-effectiveness of pig fattening using liquid feeding or enzyme-

supplemented dry mixes containing rye grain. Czech J. Anim. Sci. 61: 341-350. 

Sobotka, W., J. Denaburski, and A. Jablonska. 2011. The effect of grain species and feed 

enzymes on production results, salughter value and meat quality in pigs. Polish J. Nat. 

Sci. 26. 

Teagasc. 2016. National pig herd performance report 2016, Pig Development Department, 

Moorepark, Fermoy, Co. Cork  

Thacker, P. 2009. Effects of supplementary threonine, canola oil or enzyme on nutrient 

digestibility, performance and carcass traits of growing-finishing pigs fed diets 

containing wheat distillers grains with solubles. Asian-Australasian Journal of Animal 

Science 22: 1679-1685. 

ACCEPTED M
ANUSCRIP

T



27 
 

Thacker, P., G. Campbell, and J. GrootWassink. 1991. The effect of enzyme supplementation 

on the nutritive value of rye-based diets for swine. Can. J. Anim. Sci. 71: 489-496. 

Thacker, P., and B. Rossnagel. 2005. Effect of Enzyme Supplementation on the Performance 

of Growing-Finishing Pigs Fed Diets Containing Normal or High Fat Oat. J. Anim. Vet. 

Adv. 

Thacker, P. A., G. L. Campbell, and J. Grootwassink. 1992a. The effect of organic acids and 

enzyme supplementation on the performance of pigs fed barley-based diets. Can. J. 

Anim. Sci. 72: 395-402. 

Thacker, P. A., G. L. Campbell, and J. W. D. GrootWassink. 1992b. Effect of salinomycin and 

enzyme supplementation on nutrient digestibility and the performance of pigs fed 

barley- or rye-based diets. Can. J. Anim. Sci. 72: 117-125. 

Thacker, P. A., and V. J. Racz. 2001. Performance of Growing/Finishing Pigs Fed Hulled and 

Dehulled Peas With and Without Dietary Enzymes. Asian-Australas. J. Anim. Sci. 14: 

1434-1439. 

Torres-Pitarch, A., D. Hermans, E. G. Manzanilla, J. Bindelle, N. Everaert, Y. Beckers, D. 

Torrallardona, G. Bruggeman, G. E. Gardiner, and P. G. Lawlor. 2017. Effect of feed 

enzymes on digestibility and growth in weaned pigs: A systematic review and meta-

analysis. Anim. Feed Sci. Technol. 233: 145-159. 

Upadhaya, S. D., J. W. Park, J. H. Lee, and I. H. Kim. 2016a. Efficacy of β-mannanase 

supplementation to corn–soya bean meal-based diets on growth performance, nutrient 

digestibility, blood urea nitrogen, faecal coliform and lactic acid bacteria and faecal 

noxious gas emission in growing pigs. Arch. Anim. Nutr. 70: 33-43. 

Upadhaya, S. D., H. M. Yun, and I. H. Kim. 2016b. Influence of low or high density corn and 

soybean meal-based diets and protease supplementation on growth performance, 

ACCEPTED M
ANUSCRIP

T



28 
 

apparent digestibility, blood characteristics and noxious gas emission of finishing pigs. 

Anim. Feed Sci. Technol. 216: 281-287. 

Viechtbauer, W. 2010. Conducting Meta-Analyses in R with the metafor Package. 2010 36: 

48. 

Villca, B., R. Lizardo, J. Broz, J. Brufau, and D. Torrallardona. 2016. Effect of a carbohydrase 

enzyme complex on the nutrient apparent total tract digestibility of rye-based diets fed 

to growing-finishing pigs under liquid feeding. J. Anim. Sci. 94: 230-233. 

Wang, J., S. Hong, L. Yan, J. Yoo, J. Lee, H. Jang, H. Kim, and I. Kim. 2009. Effects of single 

or carbohydrases cocktail in low-nutrient-density diets on growth performance, nutrient 

digestibility, blood characteristics, and carcass traits in growing–finishing pigs. Livest. 

Sci. 126: 215-220. 

Widyaratne, G. P., J. F. Patience, and R. T. Zijlstra. 2009. Effect of xylanase supplementation 

of diets containing wheat distiller's dried grains with solubles on energy, amino acid 

and phosphorus digestibility and growth performance of grower-finisher pigs. Can. J. 

Anim. Sci. 89: 91-95. 

Willamil, J., I. Badiola, E. Devillard, P. Geraert, and D. Torrallardona. 2012. Wheat-barley-

rye-or corn-fed growing pigs respond differently to dietary supplementation with a 

carbohydrase complex. J. Anim. Sci. 90: 824-832. 

Wise, M. B., E. R. Barrick, G. H. Wise, and J. C. Osborne. 1954. Effects of Substituting Xylose 

for Glucose in a Purified Diet for Pigs. J. Anim. Sci. 13: 365-374. 

Woyengo, T. A., J. S. Sands, W. Guenter, and C. M. Nyachoti. 2008. Nutrient digestibility and 

performance responses of growing pigs fed phytase- and xylanase-supplemented 

wheat-based diets1. J. Anim. Sci. 86: 848-857. 

ACCEPTED M
ANUSCRIP

T



29 
 

Xie, P., H. Huang, X. Dong, and X. Zou. 2012. Evaluation of extruded or unextruded double-

low rapeseed meal and multienzymes preparation in pigs nutrition during the finishing 

phase of production. Italian J. of Anim. Sci. 11: e34. 

Yang, Y. Y., Y. F. Fan, Y. H. Cao, P. P. Guo, B. Dong, and Y. X. Ma. 2017. Effects of 

exogenous phytase and xylanase, individually or in combination, and pelleting on 

nutrient digestibility, available energy content of wheat and performance of growing 

pigs fed wheat-based diets. Asian-Australas. J. Anim. Sci. 30: 57-63. 

Yoon, S., Y. Yang, P. Shinde, J. Choi, J. Kim, Y. Kim, K. Yun, J. Jo, J. Lee, and S. Ohh. 2010. 

Effects of mannanase and distillers dried grain with solubles on growth performance, 

nutrient digestibility, and carcass characteristics of grower-finisher pigs. J. Anim. Sci. 

88: 181-191. 

Yule, M. A., and M. F. Fuller. 1992. The utilization of orally administered d-xylose, l-arabinose 

and d-galacturonic acid in the pig. Int. J. Food Sci. Nutr. 43: 31-40. 

Zhang, J., Y. Gao, Q. Lu, R. Sa, and H. Zhang. 2017. Proteome changes in the small intestinal 

mucosa of growing pigs with dietary supplementation of non-starch polysaccharide 

enzymes. Proteome science 15: 3. 

 

  

ACCEPTED M
ANUSCRIP

T



30 
 

Figure 1. Forest plots showing mean difference effect of xylanase (X), xylanase and β-

glucanase, mannanase and protease supplementation on average daily gain (ADG), average 

daily feed intake (ADFI), gain to feed (G:F), apparent total tract digestibility (ATTD) of gross 

energy (GE) and crude protein (CP), and apparent ileal digestibility of GE and CP. M = maize, 

W = wheat , B = Barley, CO-P = co-products. Green dot (•) indicates significantly increased, 

red dot (•) indicates significantly reduced, black dot (•) indicates not significant, straight 

horizontal lines indicate the confidence interval. 
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Figure 2. Forest plots showing mean difference effect and confidence interval of multi-enzyme 

complex supplementation on average daily gain (ADG), average daily feed intake (ADFI), gain 

to feed (G:F), apparent total tract digestibility (ATTD) of gross energy (GE) and crude protein 

(CP), and apparent ileal digestibility of gross energy and GE. M = maize, W = wheat, B = 

barley, S = sorghum, CO-P = co-products. Green dot (•) indicates significantly increased, red 

dot (•) indicates significantly reduced, black dot (•) indicates not significant, straight horizontal 

lines indicate the confidence interval. 
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Table 1. Number of comparisons reporting each variable of interest in the dataset used to perform 

the meta-analysis. 

 Growth performance1 ATTD2 AiD3 

 ADG ADFI G:F DM CP GE DM CP GE 

Total number of comparisons 120 120 120 81 96 82 29 36 32 

Comparisons by enzyme type4           

Xyl 30 30 30 22 29 22 14 20 17 

XB 19 19 19 9 12 10 2 3 2 

Mann 18 18 18 20 19 19 3 2 3 

Prot 12 12 12 3 5 5 1 2 2 

Cplex 40 40 40 26 30 26 9 9 8 

Comparisons by cereal source          

Maize 52 52 52 46 49 48 17 18 20 

Wheat 29 29 29 17 21 13 7 10 7 

Barley 13 13 13 5 10 8 1 1 1 

Rye 6 6 6 4 4 4 3 3 0 

Sorghum 9 9 9 3 3 2 0 0 0 

Co-products 11 11 11 6 8 7 1 3 3 
1 ADG = average daily gain, ADFI = average daily feed intake, G:F = gain to feed ratio. 
2 ATTD = apparent total tract digestibility, DM=Dry matter, CP=Crude protein, GE=Gross energy. 
3 AiD = Apparent ileal digestibility 
4 Xyl = xylanase, XB = xylanase+β-glucanase, Mann = mannanase, Prot = protease, Cplex = 

complex of enzymes 
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Table 2. Cut-off value for cereal source categorisation, minimum (Min), maximum (Max) and 

mean inclusion percentage (%) of ingredients included in the experimental diets.  

  Cut-off Min Max Mean 

Maize  35 35.0 75.2 56.1 

Wheat 35 41.2 96.8 73.2 

Barley 35 35.6 84.2 59.1 

Rye  35 50 96.8 79.3 

Sorghum  35 73.4 94.4 83.8 

Co-products1,2     

wDDGS  0.0 30.0 6.9 

mDDGS  0.0 8.0 1.3 

Wheat bran   0.0 22.0 2.6 

RSM  0.0 21.0 7.1 

Peas  0.0 35.0 3.9 
1 Studies with a diet below the cut-off value in all of the above cereal source categories were 

included in the co-products category. 
2 wDDGS = wheat distillers dried grains with solubles, mDDGS = maize distillers dried grains with 

solubles, RSM = rapeseed meal.   
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Table 3 Enzymes present in the multi-enzyme complexes used for each study included in the meta-

analysis1 

Publication Xyl β-glu Phy Cel Prot Man α-amy α-gal 

Zhang et al., 2017 * *  *     

O'Shea et al., 2014 *    *    

Cho et al., 2013 *     *   

Kim et al., 2013a      *  * 

Jo et al., 2012     * *   

Jo et al., 2012     * * *  

Jo et al., 2012      * *  

Xie et al., 2012 * *   *    

Ao et al., 2010      *  * 

Lee et al., 2011   *   *   

Lee et al., 2011   *   *   

Ao et al., 2010 * *    *  * 

Wang et al., 2009 * *    *  * 

Emiola et al., 2009 * *  *     

Kim et al., 2008 *  *      

Lyberg et al., 2008 *  *      

Thacker et al., 2009 * *  * *    

Wang et al., 2008 * *  *     

Woyengo et al., 2008 *  *      

Fang et al., 2007b * *    *   

Kim et al., 2006      *  * 

Olukosi et al., 2007 *  *      

Kim et al., 2006      *  * 

Kim et al., 2004 * *   *  *  

Kim et al., 2004 * *     *  

Park et al., 2003    *   *  

Chu et al., 1998  * *   *    

Kim et al., 1998    *   *  

Thacker et al., 1992b  *   *    

Thacker et al., 1992b  *   *    

Thacker et al., 1991  *   *    

Thacker et al., 1991  *   *    

Ayoade et al. 2012 * *  * * *  * 

O’Doherty and Forde 1999     *   * 

Agyekum et al. 2016 * *   *  *  

Mok et al. 2013   *  *    

Jakobsen et al. 2015 * *   *    

Sobotka et al. 2011 * *  * * *   

Emiola et al. 2009 * *  *     
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1Xyl = xylanase, β-glu = β-glucanase, Phy = phytase, Cel = cellulase, Prot = protease, α -amy = α-

amylase, α-gal = α-galactosidase

ACCEPTED M
ANUSCRIP

T



37 
 

Table 4 Summary of mean difference (MD) estimate effects of enzyme dietary supplementation on 

average daily gain (ADG, g/day), average daily feed intake (ADFI, g/day) and gain to feed (G:F, 

g/100g) of grow-finisher pigs.  

  ADG ADFI G:F 

  MD SE p-value MD SE p-value MD SE p-value 

Xylanase  

Xyl*Maize 22.1 10.90 <0.05 -6.5 25.00 0.79 0.4 0.65 0.57 

Xyl*Wheat 2.8 9.02 0.75 -32.1 18.08 0.08 0.1 0.51 0.84 

Xyl*Rye -10.0 76.51 0.90 -100.0 46.93 <0.05 1.2 2.92 0.67 

Xyl*Co-products 57.6 24.73 <0.05 38.4 42.34 0.36 0.8 1.30 0.55 

Overall 18.1 20.6 0.38 -25.1 18.09 0.17 0.6 0.84 0.46 

Xylanase + Glucanase 

XB*Maize -33.6 35.76 0.35 -66.2 48.45 0.17 0.9 1.56 0.58 

XB*Wheat 13.0 24.43 0.60 53.4 39.19 0.17 0.6 1.27 0.65 

XB*Barley 16.1 15.34 0.29 11.6 28.05 0.68 0.5 0.75 0.50 

XB*Rye 12.0 45.20 0.79 -20.0 72.69 0.78 1.0 2.40 0.68 

XB*Co-products 19.4 18.53 0.30 39.2 30.36 0.20 0.7 0.93 0.49 

Overall 5.4 13.71 0.67 3.6 21.42 0.87 0.7 0.68 0.30 

Mannanse  

Mann*Maize 19.4 7.96 <0.05 2.2 13.29 0.87 1.0 0.40 0.01 

Overall 19.4 7.96 <0.05 2.2 13.29 0.87 1.0 0.40 0.01 

Protease 

Prot*Maize 25.0 31.18 0.42 15.0 43.04 0.73 1.0 1.42 0.48 

Prot*Wheat 22.6 24.27 0.35 137.5 46.42 <0.01 -1.0 1.66 0.55 

Prot*Barley 57.2 37.45 0.13 4.0 65.38 0.95 2.3 1.88 0.21 

Prot*Sorghum -15.5 18.67 0.41 -44.3 32.83 0.18 -0.1 0.90 0.91 

Prot*Co-products 68.1 39.12 0.08 -47.2 97.11 0.63 2.4 2.66 0.38 

Overall 31.5 14.9 <0.05 13.0 28.65 0.65 0.9 0.84 0.28 

Complex of enzymes  

Cplex*Maize 31.2 7.69 <.0001 -13.9 12.85 0.28 1.9 0.39 <0.001 

Cplex*Wheat 36.7 9.50 0.00 -29.2 22.86 0.20 2.1 0.55 <0.01 

Cplex*Barley 43.5 12.17 0.00 17.9 29.41 0.54 2.1 0.77 <0.01 

Cplex*Rye -5.4 14.40 0.71 -61.2 35.30 0.08 1.7 1.58 0.27 

Cplex*Sorghum 21.2 24.346 0.38 34.1 45.69 0.46 -0.1 1.40 0.90 

Cplex*Co-products 47.4 13.4611 0.00 -55.4 40.31 0.17 2.5 0.90 <0.01 

Overall 29.1 7.67 <0.001 -17.9 14.82 0.23 1.7 0.45 <0.001 
1 Xyl = xylanase, XB = xylanase+β-glucanase, Mann = mannanase, Prot = protease, Cplex=multi-

enzyme complex   
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Table 5 Summary of mean difference (MD) estimate effects of enzyme dietary supplementation on 

apparent total tract digestibility (ATTD, %) of dry matter (DM), crude protein (CP) and gross energy 

(GE) of grow-finisher pigs. 

  ATTD DM ATTD CP ATTD GE 

  MD SE p-value MD SE p-value MD SE p-value 

Xylanase                    

Xyl*Maize 1.0 0.49 <0.05 0.0 0.53 0.94 1.0 0.45 <0.05 

Xyl*Wheat 1.1 0.50 <0.05 1.4 0.44 <0.01 1.1 0.46 <0.01 

Xyl*Rye - - - 1.3 0.78 0.10 - - - 

Xyl*Co-products 1.4 1.02 0.16 - - - 1.3 1.15 0.25 

Overall 1.2 0.45 <0.01 0.9 0.38 <0.05 1.4 0.71 <0.05 

Xylanase + Glucanase                   

XB*Maize 2.8 1.09 <0.01 - - - - - - 

XB*Wheat - - - - - - - - - 

XB*Barley - - - 1.1 0.67 0.10 1.6 0.75 <0.05 

XB*Rye 3.2 1.98 0.11 5.2 3.00 0.08 3.7 1.86 <0.05 

XB*Co-products 4.3 1.09 <.0001 4.8 0.99 <.0001 4.4 0.91 <.0001 

Overall 3.4 0.84 <0.001 3.7 1.07 <0.001 3.4 0.97 <0.001 

Mannanse                    

Mann*Maize 0.8 0.36 <0.05 1.0 0.34 <0.01 1.0 0.38 <0.01 

Overall 0.8 0.36 <0.05 1.0 0.34 <0.01 1.0 0.38 <0.01 

Protease                   

Prot*Maize 2.9 1.06 <0.01 3.5 1.01 <0.01 3.3 0.87 <0.01 

Prot*Wheat - - - - - - - - - 

Prot*Barley - - - 0.7 1.66 0.67 0.7 2.03 0.74 

Prot*Sorghum 3.0 1.48 <0.05 8.0 1.20 <.0001 3.0 1.25 <0.05 

Prot*Co-products - - - -2.7 1.62 0.10 0.1 5.32 0.98 

Overall 3.0 0.91 <0.01 2.4 0.69 <0.001 3.7 1.09 <0.01 

Multi-enzyme complex                     

Cplex*Maize 1.1 0.35 <0.01 1.1 0.33 <0.01 1.1 0.36 <0.01 

Cplex*Wheat 3.5 0.61 <.0001 3.1 0.47 <.0001 1.4 0.48 <0.01 

Cplex*Barley 0.0 3.34 1.00 0.4 1.53 0.79 0.1 1.81 0.94 

Cplex*Rye -0.3 1.30 0.80 0.9 1.52 0.55 -0.4 1.18 0.73 

Cplex*Sorghum 0.7 1.11 0.51 1.6 1.22 0.19 0.7 1.39 0.62 

Cplex*Co-products - - - -2.5 1.62 0.12 0.3 5.32 0.95 

Overall 1.0 0.79 0.21 0.78 0.50 0.12 1.2 0.99 0.23 
1 Xyl = xylanase, XB = xylanase+β-glucanase, Mann = mannanase, Prot = protease, Cplex=multi-
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Table 6 Summary of mean difference (MD) estimate effects of enzyme dietary supplementation on 

apparent ileal digestibility (AiD, %) of dry matter (DM), crude protein (CP) and gross energy (GE) of 

grow-finisher pigs. 

  AiD DM AiD CP AiD GE 

  MD SE p-value MD SE p-value MD SE p-value 

Xylanase  

Xyl*Maize -1.4 1.23 0.25 -0.6 1.39 0.65 3.0 1.33 <0.05 

Xyl*Wheat 2.3 1.15 <0.01 1.9 1.33 0.16 3.6 1.38 <0.01 

Xyl*Rye -0.7 1.64 0.68 -0.3 2.80 0.92 - - - 

Xyl*Co-products - - - -2.4 5.58 0.67 5.8 5.53 0.29 

Overall 0.14 0.88 0.87 -0.4 1.69 0.83 4.1 2.02 <0.05 

Xylanase + β-Glucanase 

XB*Maize -6.3 3.77 0.09 -4.3 5.70 0.45 0.2 6.05 0.97 

XB*Wheat 14.1 3.77 <0.01 4.1 2.50 0.10 - - - 

XB*Barley - - - - - - - - - 

XB*Rye - - - - - - - - - 

XB*Co-products - - - 7.7 5.70 0.18 15.1 6.05 <0.01 

Overall 3.9 5.32 0.46 2.5 3.04 0.41 7.7 4.42 0.08 

Mannanse  

Mann*Maize 3.1 1.41 <0.05 1.9 2.70 0.48 0.6 1.71 0.73 

Overall          

Protease 

Prot*Maize 5.0 1.68 <0.01 6.0 2.73 <0.05 5.0 1.90 <0.01 

Prot*Wheat - - - - - - - - - 

Prot*Barley - - - - - - - - - 

Prot*Sorghum - - - - - - - - - 

Prot*Co-products - - - 23.6 5.58 <.0001 14.4 5.53 <0.01 

Overall 5.0 1.68 <0.01 14.8 3.11 <0.001 9.7 2.93 <0.001 

Multi-enzyme complex  

Cplex*Maize 2.5 0.73 <0.01 0.9 1.37 0.53 2.8 0.90 <0.01 

Cplex*Wheat 1.9 1.26 0.13 2.3 1.44 0.12 - - - 

Cplex*Barley 0.6 0.87 0.46 5.6 1.69 <0.01 7.2 1.54 <.0001 

Cplex*Rye - - - - - - - - - 

Cplex*Sorghum - - - - - - - - - 

Cplex*Co-products - - - 0.8 5.58 0.89 -3.2 5.53 0.56 

Overall 1.6 0.67 <0.05 2.39 2.59 0.14 2.3 1.97 0.25 
1 Xyl = xylanase, XB = xylanase+β-glucanase, Mann = mannanase, Prot = protease, Cplex=multi-

enzyme complex  
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