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feed additives and antibiotics on the performance and intestinal morphometry of
unchallenged weanling pigs. The database included 41 articles published between
2004 and 2017, comprising 5,197 unchallenged nursery piglets. Piglets had 7.7 to

. o 13.8 kg body weight and were assessed at 27.3 to 47.8 days of age, distributed into
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156 experimental groups. All treatments were categorized into negative control,
phytogenic additive (PA), and antibiotics (ATB) groups. The meta-analysis followed
two sequential analyses: graphical and variance-covariance. Age and body weight
were the factors that highly influenced the model. Piglets that received antibiotics

https://doi.org/10.37496/rb25320210186 had a higher (12.2%) daily weight gain than piglets in the control group. Phytogenic

additives in diets enhanced intestinal morphometry in unchallenged piglets. Antibiotics
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Animals on PA had an 11.1% increment in villus height:crypt depth ratio than those
on antibiotics. Phytogenic additives and antibiotics boost nursery piglet performance.
Antibiotics advances the performance of unchallenged nursery piglets, but increases
crypt depth in the jejunum. Performance of nursery piglets is better with combined
phytogenic additives than with the isolated use of plant extracts.
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1. Introduction

Weaning in piglets is considered a crucial phase, since it exposes animals to external stress. Salient
factors are of social order, including the separation of the mother from piglets, social hierarchy
after mixing batches; environmental factors, including alterations in housing and temperature; and
physiological factors, such as the change from a liquid to solid diet (Campbell et al., 2013). During the
first week in the nursery, piglets lower their feed intake, negatively affecting weight gain. Changes in
the physical form and chemical composition of the diet modify the architecture of villi and may reduce
digestion and absorption of nutrients (Camilleri et al., 2012; Wang et al.,, 2021). These scenarios can
impair piglet performance and gut health. Antibiotics have been the best approach to mitigate these
negative impacts on performance (Fang et al,, 2009), and they are administered via diet to swine herds
as a preventive treatment (Dutra et al., 2021). However, some researchers have found no differences
in the performance of unchallenged piglets fed diets containing antibiotics (Long et al., 2018).

Penicillin, tetracyclines, and macrolides are antibiotics typically used in pig production (Lekagul et al.,
2019). Colistin, tylosin, and avilamycin are often used as feed additives in the production of pigs;
they are especially useful in piglets challenged health-wise (with the presence of pathogens) or
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environment-wise (with heat stress and suboptimal housing) (Kumar et al., 2020; Dutra et al,, 2021).
However, owing to the intensive use of antibiotics in current production systems, bacterial resistance
to antibiotics may develop, posing a threat to humans (Zhai et al.,, 2018). Consequently, many countries
have banned or restricted the use of antibiotics as growth promoters in animal production (Rahman
et al.,, 2022). Based on the adopted measures, substitutes for antibiotics, including phytogenic additives,
have been researched.

Phytogenic feed additives are plant-derived components, such as herbs, spices, essential oils, and
saponins. An array of plant extracts and active substances have been investigated in poultry and swine
feeds. Many studies have reported positive results pertaining to the performance and intestinal health
of piglets after being administered such feed additives (Hanczakowska and Swiatkiewicz, 2012;
Santana et al.,, 2015; Omonijo et al., 2018; Zhai et al., 2018). Phytogenic additives have complicated
mechanisms of actions that are quite obscure to the scientific community (Zhai et al., 2018; Wang et al,,
2021). Additionally, the effects are dependent on the botanical source, concentrations of active
compounds, diet composition, animal age, and presence or absence of sanitary challenges. The integration
of this information is challenging. In this context, the meta-analytic approach is the most suitable to
collate and synthesize previously published results on a subject with novel conclusions (Sauvant et al,,
2020). Therefore, in this meta-analysis, we aimed to evaluate the effects of phytogenic and antibiotic
additives on the performance and intestinal morphometric responses in unchallenged piglets.

2. Material and Methods

2.1. Systematization of information

Indexed publications based on in vivo experiments involving unchallenged piglets fed diets
supplemented with phytogenic additives in the nursery phase were chosen from the digital databases
Elsevier, ScienceDirect, Scopus, SciELO, and Google Scholar. Only studies reporting the performance
and intestinal morphometry were considered in the analysis. The selected studies were critically
analyzed in terms of their relevance and quality to the meta-analysis objectives, including the
experimental design, treatments, variables, and data analysis used in the studies. Eligibility criteria
were post-weaned and nursery piglets, results for dietary phytogenic additives and antibiotics,
containing a negative control without additives, no sanitary or environmental challenge,
performance, and intestinal morphometry results. The outcome of a single study, i.e., if herbal extract
was beneficial, was not considered as a criterion for inclusion in this database. From 91 publications,
only 40 were considered in the database. The following types of publications were excluded: studies
with only graphical results, studies outside the objective of this meta-analysis, publications without
any evaluation criteria, and content not in English, Spanish, or Portuguese (Figure 1).

2.2. Database management, coding, and data filtering

A database with information characteristic to each selected study was created employing Microsoft
Excel (2013). The tabulated data referred to bibliographic aspects (authors, year, journal, country, and
institution of origin), experimental characteristics (experimental design, diet ingredients, inclusion
levels, type and form of phytogenic additives and antibiotics, inclusion levels in the diet, nutritional
composition, ambient temperature, age, and weight of piglets), and the variables evaluated (growth
performance related to average daily feed intake (ADFI), average daily weight gain (ADG), feed
conversion ratio (FCR), and intestinal morphometry of gastrointestinal tract segments).

Graphical evaluation was conducted to explore the data distribution and obtain a global perspective
of its coherence and heterogeneity. Through this analysis, hypotheses and the statistical model were
established (Lovatto et al.,, 2007). Dependent and independent variables definition and codification of
the data for the analysis of inter-and intra-experimental effects were conducted according to Sauvant
et al. (2005), Lovatto et al. (2007), and Remus et al. (2014). Sequential numbers were utilized to
encode every single study (general encoding), single treatment within a study (inter encoding wherein,
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Databases: Elsevier, Science Direct, Scopus, SciELO, and Google Scholar.

| Reference records (n =173) |

| |

Study on piglets reporting performance Exclusion criteria were: presenting results in graphics or images; the study

and intestinal morphometry for was outside the objective of this meta-analysis; being published without

phytogenic additives any evaluation criteria; and paper content not in English, Spanish, or Portuguese
Previous selection (n = 91) | | Removed (n = 50); duplicates (n = 32)

Inclusion criteria were: post weaned and nursery piglets, results for dietary phytogenic additives and antibiotics, contain
control treatment without additive (negative control), no sanitary or environmental challenge, performance, and intestinal
morphometry results

| Publications included in the database (n = 41) Ineligible (n = 50)

Tabulation |—> Codings > Graphical analysis

Inter/Intra encode Dispersion
Control; PA; ATB groups Boxplot
Pattern diets Residuals

Data filtering | Sex/phase < Correlations

Variance-covariance analysis Model Removed by model

LS Means | Fixed effects: > Moderating variables (Weight): > Levels PA and ATB
M Control; PA; ATB treatments n of repetitions/treatment Year of publication

Random effects: n of animals/experiment Temperature

Performance response to the Studies Pattern diets

control (set to zero) A, % Age/Body weight Sex/phase

AADFI; AADG

Predict equations

PA - phytogenic additives; ATB - antibiotics; LS-Means - least-square means; AADFI - average daily feed intake variation; AADG - average daily gain
variation.

Figure 1 - Flow diagram of applied methodology.

each treatment received a sequential number concatenated to the previously given study code), and
encode repeated measures for different intervals or dose when available (intra encoding). Treatments
were grouped into negative control (no additives), phytogenic additives (PA), and antibiotics (ATB).
Diet patterns were encoded as corn-soybean meal diet (CSBM) and milk byproduct, fish meal and
corn-soybean meal diet (MFCSB). Additional encodings were done to facilitate graphical and statistical
analysis of the database.

2.3. Database description

The database contained 41 studies published in journals during 2004-2017 (mode:2010). It comprised
5,197 unchallenged nursery piglets, with 7.7 to 13.8 kg body weight (BW) and were assessed at 27.3 to
47.8 days of age, distributed into 156 experimental groups. The experimental duration was 20.6 days
(minimum five and maximum 50 days). The data were dispersed across 324 rows and 98 columns.
Most studies stemmed from Brazil (50%), Europe (30%), North America (10%), and Asia (10%). The
most extensively used phytogenic additive in the selected studies was oregano (43.0%), thyme (24.5%),
pepper (18.1%), and cinnamon (18.0%). In 54% of the studies, there was a group of antibiotics, 40%
used colistin. Barrow piglets accounted for 71.4% of the piglets, female piglets accounted for 3.2%, and
25.4% of the studies did not report sex details. Descriptive statistics of the variables for nursery piglets
receiving diets supplemented with phytogenic additives and antibiotics are represented in Table 1.
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2.4. Statistical analyses

Variance analysis was performed by applying a generalized linear model with covariate adjustment
(LS-means). This analytical model included the effects of phytogenic additives and antibiotics
(additives), studies (random effects), and random errors. The model also incorporated year of
publication, age (initial and final for each evaluation), and BW (on average between initial and final) as
random effects. The temperature and dietary patterns could not be measured and were eliminated
from the model. The effect of sex (male/female) and year of publication as fixed effects were not
significant (P>0.05) and were eliminated from the model. Moderating variables, such as number of
repetitions and number of animals per experiment, were used in the analysis of variance. The effects
of age and initial BW were examined as covariates employing Fischer’s test (P<0.05) and included in
the statistical model. Least-square means of inter-experimental data for control, PA, and ATB were
calculated by analysis of variance applying a generalized linear model with covariate adjustment.
Interactions between age x additive and BW x additive were evaluated for all the parameters.
Interactions between PA and ATB were not measured due to limited data availability.

The difference relative to the control (4, %), obtained by the intra-experimental variation between
the treatments with phytogenic agents or antibiotics compared to the control group, is expressed as a
percentage. The relationship between ADFI and ADG was ascertained by expressing the performance
response in relation to the control (set to zero). The values are expressed as a percentage change
(AADFI and AADG, respectively), as described by Kipper et al. (2020). This procedure was adopted
as it considerably decreases the effect of variation among experiments in the database (Pastorelli
et al,, 2012). Figures 2 and 3 show calculated values (4, %) for each proposed treatment. Prediction

-30 -20 -10 0 10 20 30 40
o 100
v
TS
50
S
@ 25
<<
<
0
-25
-50

AADFI (%)

Present calculated values of difference relative (A, %) to each treatment. Observed values represented by white circles (©) and equation for
phytogenic additives use (y = 0.969 + 1.038x + 0.025x% R? = 0.69) represented by dotted line (- - -).

Observed values represented by black triangles (A) and equation for antibiotics use (y = 3.660 + 1.231x + 0.002x? R? = 0.58) represented by a
continuous line (-).

Figure 2 - Relationship between average daily gain variation (AADG, comparison between negative control and
phytogenic additive or antibiotics in piglets) and average daily feed intake variation (AADFI), obtained
by meta-analysis, of piglets fed diets containing phytogenic additive or antibiotics.

R. Bras. Zootec., 53:20210186, 2024



Effects of administering phytogenic additives and antibiotics to unchallenged nursery piglets: A meta-analytic...
Matoso et al.

equations were established to evaluate the relationship between AADFI and AADG. The intercepts
of the equations were associated with maintenance requirements, and the slopes were associated
with changes in feed conversion. The equations were assessed using regression analysis, and adjusted
R? was the criterion for selection of the best models. However, owing to the nature of the estimated
variables, they were not subjected to validation using the raw data. All analyses were conducted by
adopting the MINITAB 19 software (Minitab Inc., State College, USA).

-60 -50 -40 -30 -20 -10 0 10 20
T 40

30
20

10

AADG (%)

-10

-20

T -30

o T -40

T -50

AADFI (%) - -60

Present calculated values of difference relative (A, %) to each treatment. Observed values represented by white circles (©) and equation for
phytogenic additive in combined use (y = 0.991 + 1.079x + 0.019x? r? = 0.77) represented by dotted line (- - -).

Observed values represented by black triangles (A) and equation for phytogenic additive in isolated use (y = -1.240 + 0.951x + 0.033x% r? = 0.67)
represented by a continuous line (-).

Figure 3 - Relationship between average daily gain variation (AADG, comparison between negative control and
phytogenic additives) and average daily feed intake variation (AADFI), obtained by meta-analysis, of
piglets fed diets containing herbal extract.

3. Results

In the inter-experimental analysis, feed intake, weight gain, and FCR did not vary (P>0.05) between
the use of phytogenic additives and antibiotics in the diets of piglets compared with the control group
(Table 2). In the variance analysis, age and BW were the factors that most affected (P<0.001) the model.
However, there was no interaction (P>0.05) between these factors. By evaluating the intra-study
effects (A), we established that the additives had positive (P = 0.04) impact on weight gain, especially
piglets that received antibiotics had a higher (12.2%) ADG than those in the control group. Daily
weight gain was similar (P = 0.04) in piglets fed diets containing PA and control. Moreover, in FCR,
piglets that received ATB had (P = 0.08) a -4.6% lower FCR in the PA and control groups.

Phytogenic additive and ATB in the diets of non-challenged nursery piglets did not change (P>0.05)
the villus height of the small intestinal fractions (Table 3). In the morphometry analysis, there was
no interaction (P>0.05) between body weight, age, and additives. We also established that the final
BW of nursery piglets influenced the height of the duodenum (P = 0.027) and jejunum (P = 0.033) villi.
Morphometric parameters were comparable between the PA and control groups. Antibiotics in the
diets augmented (P = 0.031) crypt depth in the jejunum. In the intra-study effects (A), the ATB effect was
more accentuated (P = 0.014) in the jejunum crypt depth, being 12.7% higher compared with the control.
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Table 2 - Performance of unchallenged nursery piglets feeding with diets containing phytogenic additives or

antibiotics
Performance

Additive! n ADFI (g) ADG (g) FCR3

LS-Means? A (%)? LS-Means A (%) LS-Means A (%)
Control 89 500.9 0.0 326.2 0.0a 1.58 0.0
PA 143 504.6 0.7 340.6 2.6a 1.51 -0.7
ATB 58 528.7 6.7 354.3 12.2b 1.47 -4.6
SD 94.7 7.8 75.6 12.9 0.41 10.6
Model*® Probability of fixed effects
Additives 0.560 0.143 0.413 0.004 0.305 0.080
Age <0.001 0.384 <0.001 0.183 0.363 0.022
BW <0.001 0.546 <0.001 0.367 0.784 0.125
Additives x Age 0.427 0.492 0.270 0.068 0.501 0.235

ADFI - average daily feed intake; ADG - average daily weight gain; FCR - feed conversion ratio; BW - body weight; SD - standard deviation error;

LS-Means - least-square means.

! Control - negative control (without additive); PA - phytogenic additives; ATB - antibiotics.

Z Least-square means of inter experimental groups.

3 A - obtained by the difference between the treatments (intra-experimental) with phytogenic additives or with antibiotics compared to the
respective negative control group; values followed by distinct letters differ by Fischer’s test (P<0.05), expressed in percentage.

* Studies (experiments) entered in the model as a random-effect class variable, and the variables age (average between the initial and final age of
each evaluation, expressed in d), BW as average between initial and final body weight of each evaluation, expressed in kg.

5 Probability at 5%.

The intercepts of the equations implied that AADG was 0.96% for phytogenic additives and 3.66%
for antibiotics when AADFI was zero (Figure 2). Correlating the groups in the equations represented
in the graph, we detected a quadratic effect for PA and linear effect for ATB. This denotes that the
ADG response increased proportionately with ADFI in both groups. However, this response was
predominant in piglets fed diets containing antibiotics. The collective use of phytogenic additives in
piglet diets was better than the isolated use of plant-active compounds (Figure 3). Here, the intercepts
of the equations indicate that AADG was 0.99% for the combined use of diverse compounds from PA
and -1.24% for the benefit of only one plant extract when AADFI was zero.

4. Discussion

In a meta-analysis, it is imperative to consider the factors that can influence the data population. This
study compiled numerous fixed and random factors and included them in the data analysis. However,
factors such as diet patterns, ambient temperature, and the concentration of additives incorporated in
the diets (Table 1) when integrated could not be estimated owing to the small sample size.

The initial BW and age of piglets are factors that impact feed intake and growth rate, especially in
the initial nursery phase. Abrupt changes in dietary patterns, sanitary challenges, and housing can
induce a drop in immunity and activation of inflammatory responses, especially in younger animals,
due to gastrointestinal immaturity (Lallés et al., 2009). Here, the performance of unchallenged piglets
fed diets containing antibiotics was superior to that of piglets fed diets containing phytogenic additives
and no additive (negative control). Piglets in antibiotics-based treatment indicate enhancement in
performance, which is attributed to controlling the growth of pathogenic bacteria and stimulating the
beneficial intestinal bacterial population. Antimicrobials act via intestinal modulation, diminishing the
production of growth-depressing metabolites, inhibiting the growth of pathogenic microorganisms,
thereby reducing the competition for nutrients, facilitating better absorption by the intestinal
epithelium (Helm et al,, 2019). In many cases, combinations of different classes, such as macrolides
(tiamulin and lincomycin), polymyxins (colistin), and aminoglycosides (bacitracin), are more effective
in enhancing piglet performance (Dutra et al., 2021).
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Table 3 - Morphometric analysis of small intestine fractions of unchallenged nursery piglets feeding with diets
containing phytogenic additives or antibiotics

Villus height (um)
Additive! n Duodenum Jejunum [leum
LS-Means? A (%)? LS-Means A (%) LS-Means A (%)
Control 17 485.3 0.0 407.6 0.0 332.0 0.0
PA 34 483.9 6.2 441.9 8.5 361.0 9.9
ATB 15 475.1 1.8 430.4 5.6 334.0 1.6
SD 234 3.7 10.8 11.3 22.2 8.0
Model* Probability of fixed effects
Additives 0.682 0.340 0.812 0.198 0.261 0.259
Age 0.720 0.875 0.841 0.957 0.754 0.835
BW 0.027 0.665 0.036 0.961 0.581 0.390
Additives x Age 0.384 0.502 0.600 0.931 0.909 0.692
Additives x BW 0.820 0.804 0.516 0.931 0.221 0.319
Crypt depth (um)
Additive! n Duodenum Jejunum [leum
LS-Means A (%)3 LS-Means A (%) LS-Means A (%)
Control 17 188.8 0.0 218.5a 0.0a 200.0 0.0
PA 34 188.2 -1.9 219.0a 1.2a 194.4 -1.7
ATB 15 184.6 0.7 245.9b 12.7b 205.6 1.5
SD 14.0 6.7 23.2 10.4 16.9 7.8
Model** Probability of fixed effects
Additives 0.709 0.490 0.031 0.014 0.201 0.173
Age 0.776 0.744 0.975 0.928 0.868 0.878
BW 0.504 0.383 0.882 0.787 0.677 0.712
Additives x Age 0.991 0.951 0.583 0.330 0.717 0.448
Additives x BW 0.552 0.395 0.766 0.935 0.934 0.967
Villus height:crypt depth
Means
Duodenum Jejunum [leum
Control 2.00 2.57 1.87 1.66
PA 2.20 2.57 2.02 1.86
ATB 1.98 2.57 1.75 1.62

BW - body weight; SD - standard deviation error; LS-Means - least-square means.

1 Control - negative control (without additive); PA - phytogenic additives; ATB - antibiotics.

2 Least-square means of inter experimental groups.

3 A - obtained by the difference between the treatments (intra-experimental) with phytogenic additives or with antibiotics compared to the negative
control group; values followed by distinct letters differ by Fischer’s test (P<0.05), expressed in percentage.

*# Age and final body weight of each study.

5 Probability at 5%.

Although the performance results with the use of antibiotics were superior, it is vital to consider the
positive results of the use of phytogenic additives in intestinal morphometry. Phytogenic additives
indirectly boost performance by increasing microbial diversity and preventing pathogenic bacteria
from triggering inflammatory responses (Xu et al., 2018). This condition favors the growth of villi
with a lower cell turnover rate (Wei et al., 2020), and consequently, better utilization of nutrients of the
diet due to a lower maintenance requirement (Wang et al., 2020).

Microbial diversity favors villus growth and curtails cell turnover in crypts (Heo et al., 2013). Antibiotic
use during the nursery period has been identified to negatively affect gut microbial diversity and
resistant bacteria proliferation (Nowland et al, 2019). Conversely, phytogenic additives only
inhibit the growth of some bacterial groups (Li et al., 2012). A good indicator of efficiency in nutrient
absorption is the villus height:crypt depth (VH:CD) ratio. The higher the ratio, the greater the villus
height and lower the crypt depth, the structures responsible for expanding the contact surface for
nutrient absorption (Ferreira et al., 2020). In our study, the mean VH:CD values (P<0.05) were 2.20 for
herbal extracts, 2.00 for the negative control, and 1.98 for antibiotics.
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In the relationship between ADG and ADFI variation (Figures 2 and 3), the ADG response escalated
in piglets fed diets with phytogenic additives or antibiotics. However, this response was higher
in piglets fed diets containing antibiotics than in those fed diets containing phytogenic additives. The
efficacy of antibiotics as growth promoters in piglets is represented by the small dispersion between
points and is denoted by the linear effect on weight gain. These results corroborate the findings of
Cardinal et al. (2021), who observed, through meta-analysis, an increase in weight gain by 6.5% in
nursery piglets, but the incorporation of antibiotics to the diet did not affect feed intake.

In piglets fed phytogenic additives, there was a greater dispersion between the results obtained. This
was possibly due to the different active principles studied and mechanisms of action that can enhance
weight gain of piglets. In this study, the mix or combination of these active substances of phytogenic
additives enriched the weight gain of piglets compared with their isolated use. This response may be
associated with the diverse mechanisms of action in combination with phytogenic additives in the
diet. Combined phytogenic additives may be more effective than specific antibiotics in nursery piglets
(Lalles and Montoya, 2021).

Investigating the impact of phytogenic additives through meta-analysis is challenging owing to
intra-study complexity. The diversity of plant extracts (source, form of administration, and level),
their isolated or combined use (blends), characteristics inherent to each active principle, and their
mechanisms of action facilitate in vivo studies on microbial modulation and intestinal health. These
help to develop a better understanding of their effects on the performance of nursery piglets. When
viewed together, the peculiarities of the production system, including the sanitary challenge, variation
in age and weight of piglets at the beginning of the phase, housing, and feeding conditions, must
always be considered.

5. Conclusions

Antibiotics enhance the performance of unchallenged nursery pigs, but increased crypt depth in
the jejunum. Performance of nursery piglets is superior with use of combined phytogenic additives
compared to the isolated use of plant extracts.
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