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ABSTRACT 

The gastrointestinal tract microbiota composition can be radically differ-
ent among pigs with regards to their health, age, feed intake, breed, and local 
conditions making its investigation into an important and multifaceted tool for 
evaluating the effects of new breeding and feeding schemes and animal welfare. 
For a long time, scientists have relied upon classical microbiology techniques to 
identify the makeup of bacterial populations from the gastrointestinal tract. 
Since their conceptions, high throughput sequencing and other molecular tech-
niques contributed immensely in better understanding the pig gut microbiota 
and its makeup. Since many techniques to identify and quantify the microbiota 
are based on bacterial gene targets, they can, be used to determine the relation 
between different bacterial taxons and developmental processes, how it influ-
ences the host metabolism or diseases impact. In our review, we offer an over-
view of the different methods employed in the assay of the gut microbiota of 
pigs along with differences and pitfalls. 

Keywords: next-generation sequencing, culturomics, pig microbiome, mo-
lecular techniques, 16S sequencing, pig microbiota review 

 
INTRODUCTION 

The gastrointestinal tract of the swine has been evolving in time along with 
the symbiotic microorganisms that colonise it (Oh et al., 2010) “Although these 
communities are often postulated to have coevolved with their hosts, evidence 
is lacking, yet critical for our understanding of microbial symbiosis in verte-
brates”. These microorganisms, bacteria, viral particles, protozoans and fungi 
have adapted to prosper in the digestive tract conditions generating essential 
interactions among them and their host (Hillman et al., 2017). The community 
made up by these microorganisms is commonly known as microbiota, and the 
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relationship with the host can be commensal, mutualistic, or pathogenic of na-
ture. Mutualistic microorganisms extend beneficial roles that are essential to 
the host wellbeing, such as helping in the fibre digestive process, preventing 
pathogen colonisation of the gastrointestinal tract and essential vitamin pro-
duction (Nigam, 2015; Guevarra et al., 2019). Likewise, commensal bacteria 
modulate host immune processes that alter the composition of the gastrointes-
tinal microbiota resulting in homeostasis of bacterial communities (Schokker 
et al., 2015). Thus, apart from the host inheritance, the complex relationships 
increase, with maternal microbiota, disease, age, feed and local environment 
being influencing factors towards the gastrointestinal microbiota.   

The research methods for identifying and quantifying the microbiota colo-
nising the gut of the swine evolved beginning with the classical microbiology 
techniques of bacterial cultivation and characterization and reaching the Micro-
biomics/Bioinformatics era (Allali et al., 2017; Gomez, 2019; Wang et al., 2020). 
Classical microbiology studies contributed greatly towards the progress done 
on the subject of the microbiota, however, the limitations inherent in the tech-
niques employed offered an overall fragmentary image made up by frequent 
unknown taxonomic information and interspecies complex relations. Due to the 
large differences found between the species colonising the gastrointestinal 
tract and those that can be cultivated, classical methods were largely replaced 
by culture-independent techniques (Leser et al., 2002). Thus, microbiota finger-
printing and sequencing methods (like the 16S rRNA new generation sequenc-
ing technique) became essential tools for the identification of microorganism 
populations as well as for determining the relationships between communities 
present in the gastrointestinal tract (Crespo-Piazuelo et al., 2018; Gao et al., 
2018; Zeineldin et al., 2018).  

The current review intends to compare the different techniques of micro-
biota analysis that evolved in time, from the classical, microbiological pheno-
typical studies to present-day Microbiomics/Next Generation Sequencing/Bio-
informatics techniques, with their appropriate advantages and disadvantages.  

Overall, the analysis of the microbiota is essential in the improvement of 
animal nutrition, health-related issues regarding the modulation of microbiota 
associated with gut pathology (Ramayo-Caldas et al., 2016; Gresse et al., 2017). 

  
Particulars of Sus scrofa domesticus  
Due to the ever-increasing global demand for meat, species with high-effi-

ciency feed conversion rates such as Sus scrofa became one of the most im-
portant species used as livestock, having a fundamental role in numerous econ-
omies (Secco et al., 2020). Pork represents one of the most consumed meats in 
Europe, with an annual consumption of nearly 40kg/capita, which is three 
times higher than the global average which accounts for about 12kg/capita thus 
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making the EU the second-largest producer and leading exporter globally 
(Bellini et al., 2016; Delsart et al., 2020). 

Because of their similarities to humans in terms of physiology, anatomy and 
genetics pigs are frequently used as an animal model ranging from drug testing 
to physiological and other medical studies (Eeckhaut et al., 2013), of various 
microbial infectious diseases and even in the analysis of the human microbiota 
(Moon et al., 2016; Maradiaga et al., 2018). As such, experiments with pigs can 
reach a high level of predictive power compared to other animal models. 

The gastrointestinal microbiota of a swine consists predominantly of bac-
teria with a large part of those being anaerobic Gram-positive species. The num-
ber of bacterial species that are estimated to be present ranges from 450 to 600, 
with population densities growing overall from the upper to lower gastrointes-
tinal tract (Hui Yang et al., 2016). Colon contents and faeces can contain up to 
1010–1012 microorganism cells x g–1(Moon et al., 2016). The microbiota is essen-
tial for its role in a series of nutritional, physiological, developmental, and im-
mune processes of the swine influencing overall health and growth perfor-
mance.  

Studies concerning the comparison between conventionally reared versus 
bacteria-free pigs (Konstantinov et al., 2006; Fernando, 2012) shown that com-
mensal bacteria play essential roles in organ, tissue, and immune system devel-
opment, contributing digestive processes. Moreover, a healthy microbiome pro-
tects the pig from harmful bacteria colonisation, and overgrowth of non-patho-
genic species (Konstantinov et al., 2006; Collado et al., 2007; Fouhse et al., 
2016). The piglets’ digestive tract is thought to be free of bacterial colonisation 
before birth, and constant exposure to various bacteria and other microorgan-
isms after birth.  

Constant contact and succession of microbial communities gave rise to evo-
lutionary adaptations resulting into distinct physiological structures that cover 
special needs of different stages of development (Saraf et al., 2017; Maradiaga 
et al., 2018; Guevarra et al., 2019). The gut microbiota can be shaped by a mul-
titude of internal and external factors (Korpela et al., 2018) such as dietary 
changes, the addition of antibiotics, probiotics or prebiotics (Kraler et al., 2016). 
These factors can lead to essential changes in the structure of microbial com-
munities. Weaning can be another disruptive event toward the gut microbiota 
and also a great source of stress in the life of animals (Frese et al., 2015; Gresse 
et al., 2017). 

The gastrointestinal tract microbiota composition is significantly different 
between pigs conditioned by the breed, health, age, feed, and local conditions 
(Xiao et al., 2016) making the investigation of the digestive tract microbiota a 
multifaceted technique for predicting the effects of breeding programs, feeding 
schemes with regards to animal welfare (Camarinha-Silva et al., 2017). Even so, 
several meta-analysis studies point out to the existence of a common core of 
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bacterial families and species shared among pigs of all breeds and locality 
(Slifierz et al., 2015; Hua Yang et al., 2018). This core of microorganisms is com-
prised by a majority of Firmicutes and Proteobacteria phyla, differing in com-
parison from those found at the caecum and mid-colon segments, where Bac-
teroidetes and Spirochetes have sizable communities (Niu et al., 2015). Other 
encountered phyla such as Tenericutes, Fibrobacteres, Actinobacteria, and Syn-
ergistetes have a lower presence making up less than 10% of the total microbi-
ome (Niu et al., 2015). Bacterial orders such as Lactobacillales, Spirochaetales, 
Clostridiales, unclassified Firmicutes, Bacteroidales, and unclassified Gammap-
roteobacteria were found to be the most abundant (Crespo-Piazuelo et al., 
2018). 

Less than 1% of total 16S ribosomal RNA sequences were of Archaea ori-
gins and were dominated by the Methanomicrobia and Thermococci (Niu et al., 
2015; Chen et al., 2017; Crespo-Piazuelo et al., 2018). At the genus level, this 
includes Subdoligranulum, Prevotella, Clostridium, Blautia, Lactobacillus, Rose-
buria, and Ruminococcus (Frese et al., 2015; Niu et al., 2015; Zhao et al., 2015; 
Chen et al., 2017).  

  
Traditional Techniques  
For a long time, scientists have relied upon classical microbiology tech-

niques (selective media plating coupled with phenotypic-biochemical tests) to 
identify the makeup of bacterial populations from the gastrointestinal tract 
(Richards et al., 2005). Phenotypic-biochemical tests are usually classified into 
three main categories, universal, differential and specific (Ferrario et al., 2017; 
Fenske et al., 2019) . Universal tests usually guide the microbiologist to further 
sets of biochemical tests to ascertain a better identification. Examples range 
from hemolysis pattern to motility and enzymatic tests (Mi et al., 2019). Differ-
ential tests can further identify an isolate up to a species level with examples as 
triple sugar iron test (Casanova-Higes et al., 2019). Specific tests are performed 
to confirm an isolate at the subspecies level (Hiergeist et al., 2015). Tests in-
cluded in this category are γ-Glutamyl aminopeptidase test and propyl ami-
nopeptidase however neither of these tests alone are sensitive enough (Wang 
et al., 2020). 

A large assortment of automated biochemical testing equipment are pres-
ently available which conveniently incorporate most of these tests providing 
necessary information regarding the composition of fastidious gut microorgan-
isms to a large community of laboratories which don’t have access to molecular 
methods.  

Another technique used in the identification of bacterial species is the Ma-
trix-assisted laser desorption/ionization-time of flight (MALDI-TOF) mass 
spectrometer. It has a widespread usage because of the rapid and precise iden-
tification on an extended range of gram-positive and gram-negative bacteria 
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(Nero et al., 2006) relying on recognizing a specific spectrum for the microor-
ganism that is being worked on which is then compared with an extensive da-
tabase within the instrument. The MALDI-TOF is not suitable for quantification 
work and can provide erroneous data when the species are closely related 
(Chaplin et al., 2015; Dobranić et al., 2016). A high volume of valuable data was 
generated using plating techniques (Guo et al., 2008). Several studies reported 
that the dominant microorganisms colonizing the pig gastrointestinal tract are 
made up by the following genera: Bacteroides, Eubacterium, Lactobacillus, Fuso-
bacterium, Streptococcus, Prevotella, Peptostreptococcus, Selenomonas, Clostrid-
ium, Ruminococcus, Bifidobacterium, Butyrivibrio, and Escherichia (Leser et al., 
2002; Guo et al., 2008; Fricker et al., 2019).  

The selectivity of the media used also play an important factor as well as 
the gastrointestinal site targeted. A majority of the bacteria identified in colon 
belong to the Gram-negative group such as Butyrivibrio, Selenomonas, and most 
importantly Bacteroides (Isaacson & Kim, 2012). The remaining group identi-
fied were the Gram-positive bacteria with Eubacterium, Peptostreptococcus, 
and Lactobacillus being the most numerous (Lin et al., 2011; Isaacson & Kim, 
2012). 

Culturing techniques also evolved with the development of the culture-in-
dependent techniques with the employment of bacterial culture chips or mi-
croPetri dishes and gel microdroplets (Leicheng Zhang et al., 2019; Tovar et al., 
2019) offering the culture of microorganisms that were previously uncultivable 
along with a high throughput performance. 

 
Disadvantages 
Despite plating and phenotypic-biochemical techniques being effective 

methods for the characterization of a microorganism phenotype, they are still 
being affected by drawbacks pertaining to the poor quantification of the micro-
biota populations (Zoetendal et al., 2004; Isaacson & Kim, 2012; Fricker et al., 
2019). Several attempts were done in order to estimate the population propor-
tions of various microorganism species colonizing the swine gastrointestinal 
tract. Such attempts are often deemed controversial, with population numbers 
heavily depending on the specific gastrointestinal sites from which the micro-
bial probes are sampled, geographic location, the microbiological tests used, 
feed, and other factors (Zoetendal et al., 2004; Jian et al., 2020). 

To assess the cultivability of a specific strain, microbiologists generally 
compare microscopic counts with total viable counts (Leser et al., 2002; 
Richards et al., 2005).  

The number of viable colony-forming units (CFU) found in a  gram of sam-
ple can be obtained through culturing on a nonselective agar (Namsolleck et al., 
2004; Fricker et al., 2019). However the issue arising is that the microscopic 
counts are usually higher than the viable counts, because of the number of dead 
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microbial cells. It is suspected that a number as high as a third of the total bac-
terial counts are made up by dead cells in the gastrointestinal tract. 

Recent molecular studies have shown that a high number of bacterial spe-
cies counts that are specific to pig microbiome are different from the results 
obtained by plating (Namsolleck et al., 2004; Sieuwerts et al., 2008; Cassoli et 
al., 2016; Camarinha-Silva et al., 2017; Fricker et al., 2019).  

Such distinctions between molecular and microscopic observations are on 
account of the impossibility of plating for a large part of the microbiota bacteria. 
This fact contributed to the discovery and evolution of culture-independent mo-
lecular methods in order to study the microbiome(Hiergeist et al., 2015). A 
growth selection is placed on a species when it is cultivated via plating tech-
niques. More so, a large proportion of bacterial species (estimated between 40 
and 75%) from the gastrointestinal tract raise problems due to unknown cul-
ture conditions, lack of media selectivity or anaerobic conditions (Zoetendal et 
al., 2004; Konstantinov et al., 2006). Of interest, microorganisms colonizing the 
intestinal tract often form symbiotic relationships between them as they rely 
on the metabolism of each other to flourish; this is also why pure-culture tech-
niques can bring severe limitations to their approach (Cheng et al., 2019). 

Due to the difficulties posed by achieving optimal growth conditions in 
vitro and because of the complexity and training required to reach a certain 
level of competence in the field of microbiology (McCaskey & LaRocco, 1995; 
Richards et al., 2005) the classical methods slowly gave way to molecular tech-
niques in the microbial ecology field but even with these partial results, the im-
pact of classical microbiology culturing techniques should not be understated. 

  
Molecular Techniques   
For more than 30 years, molecular techniques have evolved to bring a more 

exhaustive evaluation of the microbiota regarding the quantitative element of 
populations as well as qualitative one (De Gregoris et al., 2011). Isolation and 
analyzing the genetic material are the main aspects of these techniques with a 
few more modern ones also involving the 16S rRNA genes that offer several im-
portant advantages as well (Ott et al., 2004; Isaacson & Kim, 2012; Kraler et al., 
2016) . The 16S rRNA genes are small ribosomal subunits and represent an 
ideal site for a molecular marker because they have kept their structure intact 
through the evolution of eubacteria species. It is no surprise that this method 
became to be regarded as the standard for taxonomic identification and classi-
fication (Hatt & Löffler, 2012). 

Oligonucleotide probes serve as universal primers that recognize the 
highly conserved regions from any bacterial source, by amplifying and quanti-
fying the 16S rRNA genes. In contrast, variable regions can serve as a base for 
oligonucleotide probes which can either be order, class, genus or even species-
specific (Peng et al., 2003; Collado et al., 2007; Wang et al., 2012; Pedersen et 
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al., 2013).  Identification at the level of species is sometimes problematic due to 
it relying on databases with sequences for strains and thus are limited to mi-
croorganisms that have already been classified by other microbiological meth-
ods (Hiergeist et al., 2015). 

 
Fluorescent In-Situ Hybridization  
Among the first molecular methods used for identification and quantifica-

tion purposes was the Fluorescent In-Situ Hybridization (FISH). Fluorescent 
marked oligonucleotide probes such as 16S rRNA (or of other regions) were 
created to bind to the individual bacteria DNA of target species. In this manner, 
fluorescent bacteria can be visualized and microscopically counted or with the 
help of cytometry flow. A large assortment of probes are available for different 
species. The method can be automated and quantitative, and as an additional 
advantage, the target bacteria spatial distribution within the colonized medium 
studied can also be provided (Cui et al., 2016). As a disadvantage FISH repre-
sents a low-throughput method which delivers insufficient insight into the mi-
crobial makeup of a microbiota (Huber et al., 2018). 

 

Terminal Restriction Fragment Length Polymorphism 
Terminal Restriction Fragment Length Polymorphism (T-RFLP) relies on 

the electropherogram, the visualization of resulting bands from the amplicons 
fragmentation of the 16S rRNA gene with restriction endonucleases. T-RFLP is 
mainly used to compare between different microbial community components, 
or to assess microorganism variability in the gastrointestinal tract. As ad-
vantages this technique offer cheap, rapid and semi-quantitative results. It does 
not allow however for phylogenetic identification this being the main disad-
vantage of T-RFLP but it can be remediated by pairing 16S rRNA clone library 
analysis with T-RFLP (Samanta et al., 2019). 

 
Quantitative Polymerase Chain Reaction 
Another frequently employed method for microbiota evaluation is the 

quantitative PCR method (qPCR) (Pang et al., 2007; De Gregoris et al., 2011; Lin 
et al., 2011; Kraler et al., 2016). In this method, the molecular target (such as a 
gene encoding a toxin or 16S rRNA) is multiplied by copying and quantified with 
the use of fluorescence-labelled taxon-specific molecular probes or with a non-
taxon-specific nucleic acid stain (SYBR® green) (Ott et al., 2004; Wang et al., 
2012; Kraler et al., 2016). The hardware and software used in the qPCR systems 
function under the principle of measuring the fluorescence intensity from the 
samples. The chain reaction byproduct is monitored in real-time for each step 
of amplification process, as opposed to just at the endpoint, as occurs in tradi-
tional PCR. The capability of the PCR machine to measure the fluorescence and 
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at which cycle it increases over background allows the method to be quantita-
tive (Hermann-Bank et al., 2013; Pedersen et al., 2013). This is due to the fact 
that fluorescent response is sizeable to the quantity of amplified target DNA, 
which is proportional to the bacteria target count.  

In recent times qPCR has been successfully used alongside NGS (new gen-
eration sequencing) library preparation to provide an accurate quantification 
of absolute taxon abundances with the use of the 16S universal primers and 
species specific primers (Jimeno et al., 2018; Jian et al., 2020). Cycle threshold 
values were used to obtain standards of different 16S copy numbers (ranging 
from 104 to 108 number of copies) which were then used to identify the 16S 
copy numbers for a targeted species within a probe(Metzler-Zebeli et al., 2013; 
Jimeno et al., 2018; Jian et al., 2020). The results were similar to those obtained 
from NGS data that could also be used alongside high-throughput microbiome 
analysis and to verify each other. There were some limitations to this technique 
including the need for obtaining a high quality standard, the design and speci-
ficity of primers, and taking count of the fact that bacteria can have more than 
one 16S copy meaning that the gene copies is not equal to the cell count (Gratz 
et al., 2018). This can provide both a quantitative and qualitative info regarding 
the microbiome albeit an imperfect one, which can further be coupled with the 
NGS technology for further accuracy and clarity (Gratz et al., 2018; Tkacz et al., 
2018; Wang et al., 2020). 

 
Advantages/Disadvantages 
The main advantages of the qPCR techniques are that they are cheap, fast 

and reliable, can be automated and due to these aspects they became the stand-
ard to which other molecular techniques get compared (Peng et al., 2003; 
Pedersen et al., 2013). The main disadvantages are that it can analyze only a 
few batches of species since it is difficult for different primers to be used in the 
same time due to the apparition of hybrids or cross amplification, the DNA tar-
get sequence must also be known ahead of time and the quantities obtained can 
be small enough to provide ambiguous results (Cao et al., 2017). Although the 
qPCR technique has been a quantum leap forward in the molecular biology field, 
it also has limitations.  

Each step from the analysis chain be it physical, chemical, or biological, 
from sample retrieval to the resulting 16S rRNA amplicons or chaperones 
(Chaban & Hill, 2012) represents a potential source of errors. For example, dif-
ferent nucleic acid isolation methods can indirectly influence the result of mi-
crobiota makeup; Gram-positive bacteria having thicker cell walls require more 
disruptive isolation conditions, conditions which may result in excessive frag-
mentation of Gram-negative DNA (Klaschik et al., 2002). Another major limita-
tion is that qPCR alone is usually unreliable for quantification purposes since 
the number targeted genes are not always equivalent to the number of bacterial 
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species within a sample  (Ott et al., 2004; Chaban & Hill, 2012). Nevertheless 
this technology can be a sensitive method for rapid quantification of bacteria 
from fecal samples, to validate different treatments or detect variations within 
a taxon population (Ramirez-Farias et al., 2008; Metzler-Zebeli et al., 2013).  

 
Denaturing Gradient Gel Electrophoresis/ Temperature Gradient Gel Electro-

phoresis (fingerprinting) 
Beside PCR amplification, DNA fingerprinting is another molecular tech-

nique that is used often. 
The technique  has been successfully used to characterize the gastrointes-

tinal microbiota (Richards et al., 2005; Guo et al., 2008). With the fingerprinting 
technique, 16S rRNA genes molecular probes are used to amplify 16S bacteria 
sequences (Ott et al., 2004; Wang et al., 2012; Kraler et al., 2016). Using a poly-
acrylamide gel containing a DNA denaturing compounds (usually formamide or 
urea) gradient (DGGE) or a gradient of temperature (TGGE), realizes a separa-
tion between amplicons. 

When migrating in the gradient gel, the amplicons with higher guanine and 
cytosine count are more resistant to denaturation and as such, a separation is 
done between species on the count of their guanine and cytosine ratio found in 
their genome rather than by the size of their products. Visualization is done by 
staining after electrophoresis, which provides a "fingerprint" for each microbial 
population contained in the sample target. The amplicons separated can also be 
recovered and then subjected to sequencing for species identification purposes 
(Niu et al., 2015; Hui Yang et al., 2016; Cao et al., 2017; Crespo-Piazuelo et al., 
2018) . 

DGGE/TGGE can also allow for the analysis of probes isolated using differ-
ent techniques (Richards et al., 2005; Guo et al., 2008). The difference in DNA 
band intensity between different treatments can be used as a semi-quantitative 
discriminant to determine the treatment efficacy. 

 
Advantages/disadvantages 
The main advantage is represented by the semi-quantitative analysis of 

whole microbiota communities. The method is also highly sensible towards mu-
tations and it can virtually detect most mutations from a sample rendering it 
ideal for fast genetic screening. Having an optimal fragment size of 500bp puts 
a limit on the genetic information found and on identifying PCR primers 
(Namkung et al., 2004). This also renders the method inadvisable in using it for 
quantitative comparisons. Other disadvantages include the lack of phylogenetic 
identification unless sequencing or probe hybridization is done a priori and also 
PCR associated bias (Richards et al., 2005; Petersson et al., 2009). 
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DNA microarrays 
Also known as the DNA chip, phylogenetic microarray, and gene array, DNA 

microarray is a high throughput technology that can provide phylogenetic in-
formation about the gut microbiota. It is a highly sensible technique detecting 
very low microbial DNA concentrations from target sample (Gladney et al., 
2004; Zhao et al., 2005). Microarray chips with the purpose of gut microbiota 
analysis have also been developed with some being commercially available. 
DNA microarrays are used primarily in comparative studies of microbiota be-
tween different populations (Salonen et al., 2010; Schokker et al., 2015).  

 
Advantages/disadvantages 
DNA microarray technique is a fast, semi-quantitative technique, samples 

can be assayed for taxonomic identification en masse but the qualitative data is 
debatable (Schokker et al., 2015). Another limitation is given by the cross-hy-
bridization probability (multiple sample hybridization) (Fricker et al., 2019). 
Low population species from the gastrointestinal tract can prove to be challeng-
ing to quantify although this can be remedied by using a reference sequence 
(Cheng et al., 2019). 

 

Sequencing  
The taxonomic golden standard for any kind of taxon, sequencing is de-

pendent on the full-length 16S rRNA gene for information (>1,500 base pairs 

long), which is limited to clone library insert sequencing. Once obtained the 
sequence is compared to a database (GenBank https://www.ncbi.nlm. 
nih.gov/genbank/) or GreenGenes https://greengenes.secondge-
nome.com/), which contains nucleotide sequence lengths above the PCR 
requirements. Mounting demands for lower cost and higher-output se-
quencing made the Sanger sequencing technique to be replaced in the 
1990s by the cheaper and higher volume ‘next-generation’ sequencing 
technologies (Xiao et al., 2016). An advantage over the next-generation 
sequencing techniques is that it can produce sequence reads of more 
than 500 nucleotides. 

Disadvantages of the Sanger techniques are the laborious method involved, 
high costs related to output, and susceptibility to the same errors as the PCR 
technique (Xiao et al., 2016; Hua Yang et al., 2018). 

  
16S rRNA Next-Generation Sequencing 
In the present day, there is a preference from the scientific community to-

ward the Next Generation Sequencing techniques of the 16S bacterial rRNA ob-
tained from the amplification of the sample DNA (Hermann-Bank et al., 2013; 
Kim & Isaacson, 2015; Allali et al., 2017; Wang et al., 2019). 
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In contrast with other types of sequencing, next-generation sequencing 

provides independent sequence data from millions of individual DNA molecules 
allowing each fragment to be classified independently, with newer NGS tech-
nologies operating on a “sequencing by synthesis” chemistry rather than a “se-
quencing by ligation” process. 

Further steps are needed in the process of analyzing the resulting raw se-
quencing data, such as quality filtering and denoising steps to eliminate back-
ground noise errors. Also included is the filtering of chimaera sequences to 
eliminate possible hybrid strands. After this step, the sequences are usually 
clustered into so-called operational taxonomic units (OTU), which make the 
taxonomic classification of each sequence easier (Pang et al., 2007; Pylro et al., 
2014; Allali et al., 2017). Many bioinformatics tools can help interpret the data 
as well as process and analyze the 16S DNA information, for example, QIIME 
(http://qiime.org/), Mothur (https://mothur.org/), and MEGAN 
(https://bio.tools/megan) and the resulting data can either be interpreted in 
statistical packages like R-Studio (https://cran.r-project.org/), Primer-E 
(https://www.primer-e.com/) or QIIME (Haas et al., 2011; Mendes-Soares, et 
al., 2014; Hui Yang et al., 2016). 

The pipeline software can give us the final picture of the microbiota com-
munity structure, which corresponds to the original raw data sampled. The final 
picture or the output data is exemplified into indices used in microbial ecologies 
such as alpha and beta diversity indices, similarity visualization methods such 
as the PCoA (principal coordinate analysis) method, and relative and absolute 
abundances indices (Lin et al., 2011; Wang et al., 2012; Eren et al., 2013; Korpela 
et al., 2018). 

The most investigated part of the pig's gastrointestinal tract is the colon 
and the ileum, followed by the caecum (Leser et al., 2002; Konstantinov et al., 
2006; Bokulich et al., 2016; Gibbons et al., 2016; Crespo-Piazuelo et al., 2018; 
Gao et al., 2018; Kraemer et al., 2018). The microbiota colonising each section 
was analyzed based on the extraction and amplification of the 16S rRNA genes 
of the V1-V4 highly conservative regions and sequencing the amplicons via 
next-generation sequencing technologies such as Illumina 
(https://www.illumina.com/), or Ion Torrent (https://www.thermofisher.com 
/ro/en/home/brands/ion-torrent.html) (Li et al., 2018; Kinstler et al., 2019; 
Wang et al., 2019;). 

The ileum microbiota pointed to a lower diversity of abundances and rich-
ness indexes compared with the other gut segments with the dominance of only 
two phyla Proteobacteria and Firmicutes. In the colon and caecum, other phyla 
have been observed, mainly Bacteroidetes, Proteobacteria, and Firmicu-
tes (Zhang et al., 2017; Tan et al., 2018).  

Many studies performed on pig gut microbiota pointed to the high abun-
dance of the members of Bacteoridetes phylum, representing almost half of the 
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colonic microbiota (Pedersen et al., 2013; Crofts et al., 2017; Argüello et al., 
2018; Guevarra et al., 2018; Wang et al., 2019). These members are known to 
produce enzymes that help with the degradation of polysaccharide fibres and 
the production of short-chained fatty acids, both beneficial for the host. In con-
trast, the ileum was found to be abundant in Firmicutes members, many of them 
involved in the digestion of monosaccharide, amino-acids, and carbohydrates 
via ABC (ATP-binding cassette) transporting (Tian et al., 2017; Tröscher-
Mußotter et al., 2019).  

Regarding studies done on faecal sample microbiota, the same techniques 
were used, NGS sequencing, and analysis of the raw reads with the help of a 
pipeline software. The resulting microbiota communities picture was similar to 
that found in the colon, which association is making sense from a microbial 
point of view. Firmicutes and Bacteroidetes dominated at the phyla level, fol-
lowed by smaller numbers of Proteobacteria. There was also a similarity be-
tween faecal samples and colon samples at the order level, with the abundance 
of Clostridiales, Bacteroidales, Lactobacillales, and Spriochaetales (Chen et al., 
2018; De Rodas et al., 2018). 

A shared genus core was also identified between many studies on swine 
faecal, comprised of some of the most frequently identified but not limited to 
Clostridium, Ruminococcus, Blautia, Prevotella, Spirochaeta, Lactobacillus and 
Bifidobacterium (Tsuchida et al., 2017; Arruda et al., 2019).  

Next-Generation Sequencing has revolutionized the domain of microbial 
ecology. For the last decade, NGS has become a faster, more accurate, and cost-
effective tool for the study of complex microbial communities. The advantages 
presented by the NGS method comprises of the magnitude of the sequences pro-
cessed of each taxonomic level, identifying more than 95% of the bacteria pre-
sent in the gastrointestinal tract, which was not possible to do before the ap-
pearance of this technique (Wang et al., 2019; White et al., 2019). 

Because of the differing chemistry employed, sequencing platforms pro-
duce different phylogenetic distributions as a result.  

Finding a more fundamental approach to sequencing complex microbial 
communities for the obtaining and analysis of data will remain a high priority 
for researchers focused on the field of microbial ecology. Biases appearing from 
the lack of using a standardized protocol for sample handling, preparation and 
data interpretation via pipeline software will be impossible to eliminate, unfor-
tunately. Choosing the right sequencing platform and the appropriate pipeline 
software will contribute highly to the reduction of data acquisition and compar-
ison biases between studies (Kuderer et al., 2017; Besser et al., 2018; Costello 
et al., 2018).  

When it comes to the analysis methods of sequenced microbial communi-
ties, several revolutionary methods are worth mentioning, such as BLAST 
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) and UCLUST (http://www.drive5. 
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com/ usearch/) which attempt to group sequences with a 97% or above molec-
ular similarity (Tsuchida et al., 2017; Han et al., 2018; Tan et al., 2018).  They 
differ from other conventional methods by suppressing sequencing errors and 
calculating their probability distribution.  

These issues are especially important when it comes to differentiating be-
tween single-nucleotide variations within the sequencing data which need ap-
propriate analysis methods and protocols involved in the study of microbial 
ecology. 

Among the other advantages mentioned are the microbiota ecological indi-
ces that can be derived only from this data, from both relative and absolute 
abundances, calculated with high precision (97%) for every taxonomic rank up 
to the species level (Wang et al., 2019). 

One of the severe disadvantages that the method presents is the high price 
involved per probe analysis. As it usually tends to happen with the advance-
ment of technology, the price per sample is bound to get lowered (Frese et al., 
2015; Zhao et al., 2015; Yasukawa et al., 2017; Wang et al., 2020). 

  
 

DISCUSSIONS 

The usefulness of microbiome studies 
The largest surface in the swine body is the gastrointestinal tract, which 

harbours an incredible variety of microorganisms. This dynamic is fragile to ex-
ternal and internal imbalances, as it represents complex niches and, thereby, 
contributes towards the swine wellbeing. Until recently, microbial ecology com-
parative studies sampling was done between a few points of time; sometimes, 
pooled samples being used often. Considerable differences were seen between 
results, in part due to the swine subjects breed, gender and age and experi-
mental testing, as well as biomolecular methods used for DNA extraction and 
sequencing, usually performed at the 16S rDNA gene level (Mendes-Soares et 
al., 2014; Patel et al., 2017; Pylro et al., 2014; Allali et al., 2017; Rintala et al., 
2017) making the task of finding correlations from study comparisons to be a 
tedious task. 

Presently the Genomics methods have the distinct advantage of offering re-
liable measurements in contrast to the high volume of samples taken into ac-
count, at a competitive cost per sample when compared to other microbial ecol-
ogy methods like classical or qPCR, exceeding the depths at which the microbi-
ota can be described, with raw reads reaching the number of millions. Due to 
the broad comparison of samples being obtained, PCoA analysis along with al-
pha and beta diversity (indices reflecting different aspects of community heter-
ogeneity) are employed to describe the microbial communities fingerprint, ac-
counting for the external and internal effects on pig microbiota (Tian et al., 
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2017; Besser et al., 2018; De Rodas et al., 2018; Lu et al., 2018; Muurinen et al., 
2021).  

The complex requirements to describe the phylogenetic diversity lead to 
the optimization of DNA extraction methods and amplification strategies such 
as within the 16S rRNA region. The Metagenomic analysis of the active bacterial 
population genetic sequences from within the microbiota of the swine gastro-
intestinal tract, especially of those prokaryotes which were proven to be fastid-
ious or uncultured, is still at an incipient stage (Schell et al., 2002; Haas et al., 
2011; Saraf et al., 2017; Tsuchida et al., 2017). Progress is expected to be made 
within the next years with the rise of prominence of the Metatranscriptomic 
and Metaproteomic studies, which in turn will grant deeper awareness on the 
relationship between the microbial communities and the host. With the support 
of collected data through labelling, accurate taxonomic, and microbiota role de-
scriptions can be made to single members and of whole communities (Chen et 
al., 2018; Guevarra et al., 2018; Kumar et al., 2018). This issue can also contrib-
ute to modelling the microbiota response mechanisms towards change in the 
environment or feeding regimen and with relation to pathogens and antibiot-
ics.  

The studies on the swine gastrointestinal tract have risen noticeably in the 
past years in comparison to those done on human microbiota, contributing to 
the notion that the swine is a valid experimental model for the study of specific 
human afflictions (Lin et al., 2011; Zhao et al., 2015; Chen et al., 2018; Kumar et 
al., 2018; Maccari et al., 2018). 

 
Towards a possible future of microbiota molecular studies 
Due to the limited sensitivity of culture-dependent techniques employed in 

the study of microbial ecology, Next Generation Sequencing tactics are increas-
ingly employed for microbial communities taxonomy and characterization ei-
ther from the gastrointestinal tract or from other complex environments (Kim 
& Isaacson, 2015; Yasukawa et al., 2017; Fenske et al., 2019; Kraemer et al., 
2018).  

Concerning swine microbiota analysis, there are several directions which 
were taken among which 16S rDNA sequencing and other Omics like Meta-
genomics and Metatranscriptomics being the most often applied (Hui Yang et 
al., 2016; Saraf et al., 2017; Tröscher-Mußotter et al., 2019; Wang et al., 2020). 
These approaches accurately describe the relations between compositional and 
functional characteristics of the swine gastrointestinal microbiota. Along with 
discussing multiple microbiota analysis techniques available presently, this re-
view has also presented a general outlook of the current state of the art pertain-
ing swine microbiome studies, focused either on classical methods or molecular 
methods in general, with a focus on the next-generation approaches. Even if the 
NGS platforms are the most often metagenomics strategies used to analyze 
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DNA, mixed genomic techniques are also routinely used for microbiota assays. 
Lately, the next-generation sequencing approach was employed to sequence 
full-length 16S rDNA to verify the data obtained from classical methods for mi-
crobial species with varying relative abundances.  

The NGS based profiling 16S rDNA correctly associated whole amplicons to 
both species as well as their abundance profiles which could then be correlated 
with abundances obtained through classical plating techniques (Recharla et al., 
2019; White et al., 2019). Some improvement in terms of the depth of data were 
obtained with the latter techniques when compared to the current 16S rDNA 
strategies through species-level description of the bacteria. Generally, the po-
tential benefits of multi-omic approaches in describing and possibly improving 
the microbiota composition in order to provide or maintain a healthy microbial 
balance, while also improving the pig's growth parameters were emphasized 
(Sieuwerts et al., 2008; Frese et al., 2015; Fouhse et al., 2016; Bottacini et al., 
2017; Chen et al., 2017; Maradiaga et al., 2018; Tröscher-Mußotter et al., 2019). 

In a short while it can be expected that Next Generation Sequencing molec-
ular techniques to gain broader applications inside the microbial ecology field. 
In time, the obtained results can be carefully analyzed to design integrated 
(classical and molecular) and multidisciplinary techniques (especially from 
Omics) that can positively contribute towards the breeding, raising and wellbe-
ing of pigs and food safety of pork products (Kim & Isaacson, 2015; Ramayo-
Caldas et al., 2016; Gresse et al., 2017; Lu et al., 2018; Tan et al., 2018; Hua Yang 
et al., 2018; Arruda et al., 2019). 

 
ACKNOWLEDGEMENTS  

This study was supported by funds from the Romanian Ministry of Research, 
Innovation and Digitalisation, grant PN 19090101 and grant PFE 8/2021 - Na-
tional Research Development Projects to Finance Excellence.  

 
 
REFERENCES 

Allali, I., Arnold, J. W., Roach, J., Cadenas, M. B., Butz, N., Hassan, H. M., Koci, M., 
Ballou, A., Mendoza, M., Ali, R., Azcarate-Peri, A.  (2017). A comparison of 
sequencing platforms and bioinformatics pipelines for compositional 
analysis of the gut microbiome. BMC microbiology, 17(1), 194.  

Argüello, H., Estellé, J., Zaldívar-López, S., Jiménez-Marín, Á., Carvajal, A., López-
Bascón, M. A.,  Crispie, F., O' Sullivan, O., Cotter, P. D., Priego-Capote, F., 
Morera, L., Garrido, J. J.  (2018). Early Salmonella Typhimurium infection 
in pigs disrupts microbiome composition and functionality principally at 
the ileum mucosa. Scientific reports, 8(1), 1-12.  



                                               I.A. Grosu et al.                                                                                           105 

 
Arruda, A. G., Deblais, L., Hale, V., Pairis-Garcia, M., Srivastava, V., Kathayat, D., 

Kumar, A.,  Rajashekara, G. (2019). Nasal and gut microbiota for sows of 
different health status within six commercial swine farms from one swine 
production system. BioRxiv, 596130.  

Bellini, S., Rutili, D., & Guberti, V. (2016). Preventive measures aimed at minimiz-
ing the risk of African swine fever virus spread in pig farming systems. 
Acta Veterinaria Scandinavica, 58(1), 1-10.  

Besser, J., Carleton, H. A., Gerner-Smidt, P., Lindsey, R. L., & Trees, E. (2018). Next-
generation sequencing technologies and their application to the study 
and control of bacterial infections. Clinical microbiology and infection, 
24(4), 335-341.  

Bokulich, N. A., Chung, J., Battaglia, T., Henderson, N., Jay, M., Li, H., Lieber, A. D., 
Wu, F., Perez-Perez, G .I., Chen, Y., Schweizer, W., Zheng, X.,  Contreras, M., 
Dominguez- Bello, M. G., Blaser, M. J.  (2016). Antibiotics, birth mode, and 
diet shape microbiome maturation during early life. Science translational 
medicine, 8(343), 343ra382-343ra382.  

Bottacini, F., van Sinderen, D., & Ventura, M. (2017). Omics of bifidobacteria: re-
search and insights into their health-promoting activities. Biochemical 
Journal, 474(24), 4137-4152.  

Camarinha-Silva, A., Maushammer, M., Wellmann, R., Vital, M., Preuss, S., & 
Bennewitz, J. (2017). Host genome influence on gut microbial composi-
tion and microbial prediction of complex traits in pigs. Genetics, 206(3), 
1637-1644.  

Cao, Y., Fanning, S., Proos, S., Jordan, K., & Srikumar, S. (2017). A review on the 
applications of next generation sequencing technologies as applied to 
food-related microbiome studies. Frontiers in microbiology, 8, 1829.  

Casanova-Higes, A., Marín-Alcalá, C. M., Andrés-Barranco, S., Cebollada-Solanas, 
A., Alvarez, J., & Mainar-Jaime, R. C. (2019). Weaned piglets: another fac-
tor to be considered for the control of Salmonella infection in breeding 
pig farms. Veterinary research, 50(1), 45.  

Cassoli, L., Lima, W., Esguerra, J., Da Silva, J., Machado, P., & Mourão, G. (2016). Do 
different standard plate counting (IDF/ISSO or AOAC) methods interfere 
in the conversion of individual bacteria counts to colony forming units in 
raw milk? Journal of applied microbiology, 121(4), 1052-1058.  

Chaban, B., & Hill, J. E. (2012). A ‘universal’type II chaperonin PCR detection sys-
tem for the investigation of Archaea in complex microbial communities. 
The ISME journal, 6(2), 430-439.  

Chaplin, A., Brzhozovskii, A., Parfenova, T., Kafarskaia, L., Volodin, N., Shkoporov, 
A., Ilina, E. N., Efimov, B. A. (2015). Species diversity of bifidobacteria in 
the intestinal microbiota studied using MALDI-TOF mass-spectrometry. 
Annals of the Russian academy of medical sciences, 70(4), 435-440.  



                                                       I.A. Grosu et al.                                                                                           106 

 
Chen, L., Xu, Y., Chen, X., Fang, C., Zhao, L., & Chen, F. (2017). The maturing devel-

opment of gut microbiota in commercial piglets during the weaning tran-
sition. Frontiers in microbiology, 8, 1688.  

Chen, W., Mi, J., Lv, N., Gao, J., Cheng, J., Wu, R., Ma, J., Lan, T., Liao, X. (2018). Lac-
tation stage-dependency of the sow milk microbiota. Frontiers in micro-
biology, 9, 945.  

Cheng, D., Song, J., Xie, M., & Song, D. (2019). The bidirectional relationship be-
tween host physiology and microbiota and health benefits of probiotics: 
A review. Trends in Food Science & Technology, 91, 426-435.  

Collado, M., Grześkowiak, Ł., & Salminen, S. (2007). Probiotic strains and their 
combination inhibit in vitro adhesion of pathogens to pig intestinal mu-
cosa. Current microbiology, 55(3), 260-265.  

Costello, M., Fleharty, M., Abreu, J., Farjoun, Y., Ferriera, S., Holmes, L., Granger, B., 
Green, L., Howd, T., Mason, T., Vicente, G., Dasilva, M., Brodeur, W., DeS-
met, T., Dodge, S., Lennon, N. J., Gabriel, S. (2018). Characterization and 
remediation of sample index swaps by non-redundant dual indexing on 
massively parallel sequencing platforms. BMC genomics, 19(1), 1-10.  

Crespo-Piazuelo, D., Estellé, J., Revilla, M., Criado-Mesas, L., Ramayo-Caldas, Y., 
Óvilo, C., Fernandez, A.I., Ballaster, M., Folch, J. M. (2018). Characteriza-
tion of bacterial microbiota compositions along the intestinal tract in pigs 
and their interactions and functions. Scientific reports, 8(1), 1-12.  

Crofts, T. S., Gasparrini, A. J., & Dantas, G. (2017). Next-generation approaches to 
understand and combat the antibiotic resistome. Nature Reviews Micro-
biology, 15(7), 422.  

Cui, C., Shu, W., & Li, P. (2016). Fluorescence in situ hybridization: cell-based ge-
netic diagnostic and research applications. Frontiers in cell and develop-
mental biology, 4, 89.  

De Gregoris, T. B., Aldred, N., Clare, A. S., & Burgess, J. G. (2011). Improvement of 
phylum-and class-specific primers for real-time PCR quantification of 
bacterial taxa. Journal of microbiological methods, 86(3), 351-356.  

De Rodas, B., Youmans, B. P., Danzeisen, J. L., Tran, H., & Johnson, T. J. (2018). Mi-
crobiome profiling of commercial pigs from farrow to finish. Journal of 
Animal Science, 96(5), 1778-1794.  

Delsart, M., Pol, F., Dufour, B., Rose, N., & Fablet, C. (2020). Pig Farming in Alter-
native Systems: Strengths and Challenges in Terms of Animal Welfare, Bi-
osecurity, Animal Health and Pork Safety. Agriculture, 10(7), 261.  

Dobranić, V., Kazazić, S., Filipović, I., Mikulec, N., & Zdolec, N. (2016). Composition 
of raw cow’s milk microbiota and identification of enterococci by MALDI-
TOF MS-short communication. Veterinarski arhiv, 86(4), 581-590.  

Eeckhaut, V., Machiels, K., Perrier, C., Romero, C., Maes, S., Flahou, B., Steppe, M., 
Haessebrouck, F., Sas, B., Ducatelle, R., Vermeire, S., Van Immerseel, F. 



                                               I.A. Grosu et al.                                                                                           107 

 
(2013). Butyricicoccus pullicaecorum in inflammatory bowel disease. 
Gut, 62(12), 1745-1752.  

Eren, A. M., Maignien, L., Sul, W. J., Murphy, L. G., Grim, S. L., Morrison, H. G., & 
Sogin, M. L. (2013). Oligotyping: differentiating between closely related 
microbial taxa using 16S rRNA gene data. Methods in ecology and evolu-
tion, 4(12), 1111-1119.  

Fenske, G. J., Ghimire, S., Antony, L., Christopher-Hennings, J., & Scaria, J. (2019). 
The Gut Microbiota composition of Feral and Tamworth Pigs determined 
using High-Throughput Culturomics and Metagenomics Reveals Compo-
sitional Variations When Compared to the Commercial Breeds. BioRxiv, 
738278.  

Fernando, W. (2012). Alternatives to In-Feed Antibiotics in Animal Feed: A 
Healthy Gut Microbiota Approach. Journal of Food and Agriculture, 2(1).  

Ferrario, C., Alessandri, G., Mancabelli, L., Gering, E., Mangifesta, M., Milani, C., 
Lugli, G. A., Viappiani A., Duranti, S., Turroni, F., Ossiprandi, M. C., Hiyashi, 
R., van Sinderen, D., Ventura, M.  (2017). Untangling the cecal microbiota 
of feral chickens by culturomic and metagenomic analyses. Environmen-
tal microbiology, 19(11), 4771-4783.  

Fouhse, J., Zijlstra, R., & Willing, B. (2016). The role of gut microbiota in the health 
and disease of pigs. Animal Frontiers, 6(3), 30-36.  

Frese, S. A., Parker, K., Calvert, C. C., & Mills, D. A. (2015). Diet shapes the gut mi-
crobiome of pigs during nursing and weaning. Microbiome, 3(1), 1-10.  

Fricker, A. M., Podlesny, D., & Fricke, W. F. (2019). What is new and relevant for 
sequencing-based microbiome research? A mini-review. Journal of ad-
vanced research, 19, 105-112.  

Gao, K., Pi, Y., Peng, Y., Mu, C.-L., & Zhu, W.-Y. (2018). Time-course responses of 
ileal and fecal microbiota and metabolite profiles to antibiotics in cannu-
lated pigs. Applied microbiology and biotechnology, 102(5), 2289-2299.  

Gibbons, J., Boland, F., Egan, J., Fanning, S., Markey, B., & Leonard, F. (2016). Anti-
microbial resistance of faecal Escherichia coli isolates from pig farms 
with different durations of in-feed antimicrobial use. Zoonoses and public 
health, 63(3), 241-250.  

Gladney, C., Bertani, G., Johnson, R., & Pomp, D. (2004). Evaluation of gene expres-
sion in pigs selected for enhanced reproduction using differential display 
PCR and human microarrays: I. Ovarian follicles. Journal of Animal Sci-
ence, 82(1), 17-31.  

Gomez, A. Microbiome studies in swine systems: Challenges and opportunities 
(Part 2).  

Gomez, A. (2019). 112 Beyond the gut: Systemic effects of the swine gut microbi-
ome. Journal of animal science, 97(Suppl 2), 63.  

Gratz, S. W., Currie, V., Richardson, A. J., Duncan, G., Holtrop, G., Farquharson, F., 
Louis, P., Pinton, P., Oswald, I. P. (2018). Porcine small and large intestinal 



                                                       I.A. Grosu et al.                                                                                           108 

 
microbiota rapidly hydrolyze the masked mycotoxin deoxynivalenol-3-
glucoside and release deoxynivalenol in spiked batch cultures in vitro. 
Applied and Environmental Microbiology, 84(2).  

Gresse, R., Chaucheyras-Durand, F., Fleury, M. A., Van de Wiele, T., Forano, E., & 
Blanquet-Diot, S. (2017). Gut microbiota dysbiosis in postweaning pig-
lets: understanding the keys to health. Trends in microbiology, 25(10), 
851-873.  

Guevarra, R. B., Hong, S. H., Cho, J. H., Kim, B.-R., Shin, J., Lee, J. H., Kang, B. N., Wat-
tanaphansak, S., Issacson, R. E., Song, M., Kim, H. B. (2018). The dynamics 
of the piglet gut microbiome during the weaning transition in association 
with health and nutrition. Journal of animal science and biotechnology, 
9(1), 54.  

Guevarra, R. B., Lee, J. H., Lee, S. H., Seok, M.-J., Kim, D. W., Kang, B. N., BG ., Kim, H. 
B. (2019). Piglet gut microbial shifts early in life: causes and effects. Jour-
nal of animal science and biotechnology, 10(1), 1-10.  

Guo, X., Xia, X., Tang, R., & Wang, K. (2008). Real-time PCR quantification of the 
predominant bacterial divisions in the distal gut of Meishan and Landrace 
pigs. Anaerobe, 14(4), 224-228.  

Haas, B. J., Gevers, D., Earl, A. M., Feldgarden, M., Ward, D. V., Giannoukos, G., Ciulla, 
D., Tabbaa, D., Highlander, S. K.,  Sodergren, E., Methe, B., DeSantis, T. Z., 
Human Microbiome Consortium, Petrosino, J. F., Knight, R., Birren, B. W. 
(2011). Chimeric 16S rRNA sequence formation and detection in Sanger 
and 454-pyrosequenced PCR amplicons. Genome research, 21(3), 494-
504.  

Han, G. G., Lee, J.-Y., Jin, G.-D., Park, J., Choi, Y. H., Kang, S.-K., Chae, B. J., Kim, E. B.,  
Choi, Y.-J. (2018). Tracing of the fecal microbiota of commercial pigs at 
five growth stages from birth to shipment. Scientific reports, 8(1), 1-9.  

Hatt, J. K., & Löffler, F. E. (2012). Quantitative real-time PCR (qPCR) detection 
chemistries affect enumeration of the Dehalococcoides 16S rRNA gene in 
groundwater. Journal of microbiological methods, 88(2), 263-270.  

Hermann-Bank, M. L., Skovgaard, K., Stockmarr, A., Larsen, N., & Mølbak, L. 
(2013). The Gut Microbiotassay: a high-throughput qPCR approach com-
binable with next generation sequencing to study gut microbial diversity. 
BMC genomics, 14(1), 788.  

Hiergeist, A., Gläsner, J., Reischl, U., & Gessner, A. (2015). Analyses of intestinal 
microbiota: culture versus sequencing. ILAR journal, 56(2), 228-240.  

Hillman, E. T., Lu, H., Yao, T., & Nakatsu, C. H. (2017). Microbial ecology along the 
gastrointestinal tract. Microbes and environments, ME17017.  

Huber, D., von Voithenberg, L. V., & Kaigala, G. (2018). Fluorescence in situ hy-
bridization (FISH): History, limitations and what to expect from micro-
scale FISH? Micro and Nano Engineering, 1, 15-24.  



                                               I.A. Grosu et al.                                                                                           109 

 
Isaacson, R., & Kim, H. B. (2012). The intestinal microbiome of the pig. Animal 

Health Research Reviews, 13(1), 100-109.  
Jian, C., Luukkonen, P., Yki-Järvinen, H., Salonen, A., & Korpela, K. (2020). Quanti-

tative PCR provides a simple and accessible method for quantitative mi-
crobiota profiling. PloS one, 15(1), e0227285.  

Jimeno, R., Brailey, P. M., & Barral, P. (2018). Quantitative polymerase chain reac-
tion-based analyses of murine intestinal microbiota after oral antibiotic 
treatment. JoVE (Journal of Visualized Experiments)(141), e58481.  

Kim, H. B., & Isaacson, R. E. (2015). The pig gut microbial diversity: understanding 
the pig gut microbial ecology through the next generation high through-
put sequencing. Veterinary microbiology, 177(3-4), 242-251.  

Kinstler, S., Li, Y., Miller, P., Burkey, T. E., Trenhaile-Gannemann, M., Fernando, S. 
C., Tom, W. A. (2019). 151 Effects of carbohydrate source on performance 
and gastrointestinal microbiota in nursery pigs. Journal of Animal Sci-
ence, 97(Supplement_2), 86-86.  

Klaschik, S., Lehmann, L. E., Raadts, A., Book, M., Hoeft, A., & Stuber, F. (2002). 
Real-time PCR for detection and differentiation of gram-positive and 
gram-negative bacteria. Journal of clinical microbiology, 40(11), 4304-
4307.  

Konstantinov, S. R., Awati, A. A., Williams, B. A., Miller, B. G., Jones, P., Stokes, C. R., 
Akkermans, A.D. L., Smidt, H., De Vos, W. M. (2006). Post-natal develop-
ment of the porcine microbiota composition and activities. Environ-
mental microbiology, 8(7), 1191-1199.  

Korpela, K., Blakstad, E. W., Moltu, S. J., Strømmen, K., Nakstad, B., Rønnestad, A. 
E., Braekke, K., Drevon, C. A., De Vos, W. (2018). Intestinal microbiota de-
velopment and gestational age in preterm neonates. Scientific reports, 
8(1), 1-9.  

Kraemer, J. G., Ramette, A., Aebi, S., Oppliger, A., & Hilty, M. (2018). Influence of 
pig farming on the human nasal microbiota: key role of airborne micro-
bial communities. Applied and Environmental Microbiology, 84(6).  

Kraler, M., Ghanbari, M., Domig, K. J., Schedle, K., & Kneifel, W. (2016). The intes-
tinal microbiota of piglets fed with wheat bran variants as characterised 
by 16S rRNA next-generation amplicon sequencing. Archives of Animal 
Nutrition, 70(3), 173-189.  

Kuderer, N. M., Burton, K. A., Blau, S., Rose, A. L., Parker, S., Lyman, G. H., & Blau, 
C. A. (2017). Comparison of 2 commercially available next-generation se-
quencing platforms in oncology. JAMA oncology, 3(7), 996-998.  

Kumar, A., Vlasova, A. N., Deblais, L., Huang, H.-C., Wijeratne, A., Kandasamy, S., 
Fisher, D. D., Langel, S. N., Paim, F. C., Alhamo, M. A., Shao, L., Saif, L. J., 
Rajashekara, G. (2018). Impact of nutrition and rotavirus infection on the 
infant gut microbiota in a humanized pig model. BMC gastroenterology, 
18(1), 1-17.  



                                                       I.A. Grosu et al.                                                                                           110 

 
Leser, T. D., Amenuvor, J. Z., Jensen, T. K., Lindecrona, R. H., Boye, M., & Møller, K. 

(2002). Culture-independent analysis of gut bacteria: the pig gastrointes-
tinal tract microbiota revisited. Applied and Environmental Microbiol-
ogy, 68(2), 673-690.  

Lin, B., Gong, J., Wang, Q., Cui, S., Yu, H., & Huang, B. (2011). In-vitro assessment 
of the effects of dietary fibers on microbial fermentation and communi-
ties from large intestinal digesta of pigs. Food Hydrocolloids, 25(2), 180-
188.  

Lu, D., Tiezzi, F., Schillebeeckx, C., McNulty, N. P., Schwab, C., Shull, C., & Maltecca, 
C. (2018). Host contributes to longitudinal diversity of fecal microbiota in 
swine selected for lean growth. Microbiome, 6(1), 4.  

Maccari, G., Robinson, J., Bontrop, R. E., Otting, N., de Groot, N. G., Ho, C.-S., 
Ballingall, K. T., Marsh, S. G. E., Hammond, J. A. (2018). IPD-MHC: nomen-
clature requirements for the non-human major histocompatibility com-
plex in the next-generation sequencing era. Immunogenetics, 70(10), 
619-623.  

Maradiaga, N., Aldridge, B., Zeineldin, M., & Lowe, J. (2018). Gastrointestinal mi-
crobiota and mucosal immune gene expression in neonatal pigs reared in 
a cross-fostering model. Microbial pathogenesis, 121, 27-39.  

McCaskey, L., & LaRocco, M. (1995). Competency testing in clinical microbiology. 
Laboratory Medicine, 26(5), 343-349.  

Mendes-Soares, H., Suzuki, H., Hickey, R. J., & Forney, L. J. (2014). Comparative 
functional genomics of Lactobacillus spp. reveals possible mechanisms 
for specialization of vaginal lactobacilli to their environment. Journal of 
bacteriology, 196(7), 1458-1470.  

Metzler-Zebeli, B. U., Schmitz-Esser, S., Klevenhusen, F., Podstatzky-Lichtenstein, 
L., Wagner, M., & Zebeli, Q. (2013). Grain-rich diets differently alter rumi-
nal and colonic abundance of microbial populations and lipopolysaccha-
ride in goats. Anaerobe, 20, 65-73.  

Mi, J., Peng, H., Wu, Y., Wang, Y., & Liao, X. (2019). Diversity and community of 
methanogens in the large intestine of finishing pigs. BMC microbiology, 
19(1), 83.  

Moon, J. S., Li, L., Bang, J., & Han, N. S. (2016). Application of in vitro gut fermen-
tation models to food components: A review. Food science and biotech-
nology, 25(1), 1-7.  

Muurinen, J., Richert, J., Wickware, C. L., Richert, B., & Johnson, T. A. (2021). Swine 
growth promotion with antibiotics or alternatives can increase antibiotic 
resistance gene mobility potential. Scientific reports, 11(1), 1-13.  

Namkung, H., Li J. Gong, M., Yu, H., Cottrill, M., & De Lange, C. (2004). Impact of 
feeding blends of organic acids and herbal extracts on growth perfor-
mance, gut microbiota and digestive function in newly weaned pigs. Ca-
nadian Journal of Animal Science, 84(4), 697-704.  



                                               I.A. Grosu et al.                                                                                           111 

 
Namsolleck, P., Thiel, R., Lawson, P., Holmstrøm, K., Rajilic, M., Vaughan, E. E., 

Rigottier-Gois, L., Collins, M. D., de Vos, W. M., Blaut, M. (2004). Molecular 
methods for the analysis of gut microbiota. Microbial ecology in health 
and disease, 16(2-3), 71-85.  

Nero, L. A., Beloti, V., DE Aguiar Ferreira Barros, M., Ortolani, M. B. T., Tamanini, 
R., & DE Melo Franco, B. D. G. (2006). Comparison of Petrifilm aerobic 
count plates and de Man–Rogosa–Sharpe agar for enumeration of lactic 
acid bacteria. Journal of Rapid Methods & Automation in Microbiology, 
14(3), 249-257.  

Nigam, D. (2015). Microbial interactions with humans and animals. Int J Micro-
biol Allied Sci, 2, 1-17.  

Niu, Q., Li, P., Hao, S., Zhang, Y., Kim, S. W., Li, H., Ma, X., Gao, S., He, L., Jun Wu, W., 
Huang, X., Hua, J., Zhou, B., Huang, R. (2015). Dynamic distribution of the 
gut microbiota and the relationship with apparent crude fiber digestibil-
ity and growth stages in pigs. Scientific reports, 5, 9938.  

Oh, P. L., Benson, A. K., Peterson, D. A., Patil, P. B., Moriyama, E. N., Roos, S., & Wal-
ter, J. (2010). Diversification of the gut symbiont Lactobacillus reuteri as 
a result of host-driven evolution. The ISME journal, 4(3), 377-387.  

Ott, S. J., Musfeldt, M., Ullmann, U., Hampe, J., & Schreiber, S. (2004). Quantification 
of intestinal bacterial populations by real-time PCR with a universal pri-
mer set and minor groove binder probes: a global approach to the enteric 
flora. Journal of clinical microbiology, 42(6), 2566-2572.  

Pang, X., Hua, X., Yang, Q., Ding, D., Che, C., Cui, L., Jia, W., Bucheli, P., Zhao, L.  
(2007). Inter-species transplantation of gut microbiota from human to 
pigs. The ISME journal, 1(2), 156-162.  

Patel, A., Harris, K. A., & Fitzgerald, F. (2017). What is broad-range 16S rDNA PCR? 
Archives of Disease in Childhood-Education and Practice, 102(5), 261-
264.  

Pedersen, R., Andersen, A. D., Mølbak, L., Stagsted, J., & Boye, M. (2013). Changes 
in the gut microbiota of cloned and non-cloned control pigs during devel-
opment of obesity: gut microbiota during development of obesity in 
cloned pigs. BMC microbiology, 13(1), 30.  

Peng, W., Yuan, K., Zhou, X., Hu, M., Abs EL-Osta, Y. G., & Gasser, R. B. (2003). Mo-
lecular epidemiological investigation of Ascaris genotypes in China based 
on single-strand conformation polymorphism analysis of ribosomal DNA. 
Electrophoresis, 24(14), 2308-2315.  

Petersson, A., Domig, K. J., Nagel, P., Zollitsch, W., Hagmüller, W., & Kneifel, W. 
(2009). Denaturing gradient gel electrophoresis (DGGE)-based monitor-
ing of intestinal lactobacilli and bifidobacteria of pigs during a feeding 
trial. Archives of Animal Nutrition, 63(2), 112-126.  



                                                       I.A. Grosu et al.                                                                                           112 

 
Pylro, V. S., Roesch, L. F. W., Morais, D. K., Clark, I. M., Hirsch, P. R., & Tótola, M. R. 

(2014). Data analysis for 16S microbial profiling from different benchtop 
sequencing platforms. Journal of microbiological methods, 107, 30-37.  

Ramayo-Caldas, Y., Mach, N., Lepage, P., Levenez, F., Denis, C., Lemonnier, G., 
Leplat, J.J., Bilon, Y., Berri, M., Dore, J., Roger- Gaillard, C., Estelle, J.  (2016). 
Phylogenetic network analysis applied to pig gut microbiota identifies an 
ecosystem structure linked with growth traits. The ISME journal, 10(12), 
2973-2977.  

Ramirez-Farias, C., Slezak, K., Fuller, Z., Duncan, A., Holtrop, G., & Louis, P. (2008). 
Effect of inulin on the human gut microbiota: stimulation of Bifidobacte-
rium adolescentis and Faecalibacterium prausnitzii. British Journal of Nu-
trition, 101(4), 541-550.  

Recharla, N., Kim, D., Ramani, S., Song, M., Park, J., Balasubramanian, B., 
Puligundla, P., Park, S. (2019). Dietary multi-enzyme complex improves 
in vitro nutrient digestibility and hind gut microbial fermentation of pigs. 
PloS one, 14(5), e0217459.  

Richards, J., Gong, J., & De Lange, C. (2005). The gastrointestinal microbiota and 
its role in monogastric nutrition and health with an emphasis on pigs: 
Current understanding, possible modulations, and new technologies for 
ecological studies. Canadian Journal of Animal Science, 85(4), 421-435.  

Rintala, A., Pietilä, S., Munukka, E., Eerola, E., Pursiheimo, J.-P., Laiho, A., Pekkala, 
S., Huovinen, P. (2017). Gut microbiota analysis results are highly de-
pendent on the 16S rRNA gene target region, whereas the impact of DNA 
extraction is minor. Journal of biomolecular techniques: JBT, 28(1), 19.  

Salonen, A., Nikkilä, J., Jalanka-Tuovinen, J., Immonen, O., Rajilić-Stojanović, M., 
Kekkonen, R. A., Palva, A., de Vos, W. M. (2010). Comparative analysis of 
fecal DNA extraction methods with phylogenetic microarray: effective re-
covery of bacterial and archaeal DNA using mechanical cell lysis. Journal 
of microbiological methods, 81(2), 127-134.  

Samanta, A., Chikkerur, J., Kolte, A., Dhali, A., Javvaji, P., Roy, S., Senani, S.,  Sridhar, 
M. (2019). Bacterial fingerprinting of faecal samples of pigs supple-
mented with plant sourced feed additives. Indian Journal of Animal Re-
search, 53(6), 807-813.  

Saraf, M. K., Piccolo, B. D., Bowlin, A. K., Mercer, K. E., LeRoith, T., Chintapalli, S. V., 
Shankar, K., Badger, T. M., Yeruva, L. (2017). Formula diet driven micro-
biota shifts tryptophan metabolism from serotonin to tryptamine in neo-
natal porcine colon. Microbiome, 5(1), 1-13.  

Schell, M. A., Karmirantzou, M., Snel, B., Vilanova, D., Berger, B., Pessi, G., Zwahlen, 
M-C., Desiere, F., Bork, P., Delley, M., Pridmore, R.D., Arigoni, F. (2002). 
The genome sequence of Bifidobacterium longum reflects its adaptation 
to the human gastrointestinal tract. Proceedings of the National Academy 
of Sciences, 99(22), 14422-14427.  



                                               I.A. Grosu et al.                                                                                           113 

 
Schokker, D., Zhang, J., Vastenhouw, S. A., Heilig, H. G., Smidt, H., Rebel, J. M., & 

Smits, M. A. (2015). Long-lasting effects of early-life antibiotic treatment 
and routine animal handling on gut microbiota composition and immune 
system in pigs. PloS one, 10(2), e0116523.  

Secco, C., da Luz, L. M., Pinheiro, E., de Francisco, A. C., Puglieri, F. N., Piekarski, C. 
M., & Freire, F. M. C. S. (2020). Circular economy in the pig farming chain: 
Proposing a model for measurement. Journal of Cleaner Production, 260, 
121003.  

Sieuwerts, S., De Bok, F. A., Mols, E., De Vos, W. M., & van Hylckama Vlieg, J. (2008). 
A simple and fast method for determining colony forming units. Letters 
in applied microbiology, 47(4), 275-278.  

Slifierz, M. J., Friendship, R. M., & Weese, J. S. (2015). Longitudinal study of the 
early-life fecal and nasal microbiotas of the domestic pig. BMC microbiol-
ogy, 15(1), 184.  

Tan, Z., Wang, Y., Yang, T., Ao, H., Chen, S., Xing, K., Zhang, F., Zhao, X., Liu, J., Wang, 
C. (2018). Differences in gut microbiota composition in finishing Land-
race pigs with low and high feed conversion ratios. Antonie Van Leeuwen-
hoek, 111(9), 1673-1685.  

Tian, G., Wu, X., Chen, D., Yu, B., & He, J. (2017). Adaptation of gut microbiome to 
different dietary nonstarch polysaccharide fractions in a porcine model. 
Molecular nutrition & food research, 61(10), 1700012.  

Tkacz, A., Hortala, M., & Poole, P. S. (2018). Absolute quantitation of microbiota 
abundance in environmental samples. Microbiome, 6(1), 1-13.  

Tovar, M., Hengoju, S., Weber, T., Mahler, L., Choudhary, M., Becker, T., & Roth, M. 
(2019). One sensor for multiple colors: Fluorescence analysis of micro-
droplets in microbiological screenings by frequency-division multiplex-
ing. Analytical chemistry, 91(4), 3055-3061.  

Tröscher-Mußotter, J., Tilocca, B., Stefanski, V., & Seifert, J. (2019). Analysis of the 
bacterial and host proteins along and across the porcine gastrointestinal 
tract. Proteomes, 7(1), 4.  

Tsuchida, S., Maruyama, F., Ogura, Y., Toyoda, A., Hayashi, T., Okuma, M., & Ushida, 
K. (2017). Genomic characteristics of Bifidobacterium thermacidophilum 
pig isolates and wild boar isolates reveal the unique presence of a puta-
tive mobile genetic element with tetW for pig farm isolates. Frontiers in 
microbiology, 8, 1540.  

Wang, J., Yin, F., Zhu, C., Yu, H., Niven, S., De Lange, C., & Gong, J. (2012). Evaluation 
of probiotic bacteria for their effects on the growth performance and in-
testinal microbiota of newly-weaned pigs fed fermented high-moisture 
maize. Livestock Science, 145(1-3), 79-86.  



                                                       I.A. Grosu et al.                                                                                           114 

 
Wang, T., Teng, K., Liu, Y., Shi, W., Zhang, J., Dong, E., Zhang, X., Tao, Y.,  Zhong, J. 

(2019). Lactobacillus plantarum PFM 105 promotes intestinal develop-
ment through modulation of gut microbiota in weaning piglets. Frontiers 
in microbiology, 10, 90.  

Wang, W., Hu, H., Zijlstra, R. T., Zheng, J., & Gänzle, M. G. (2019). Metagenomic 
reconstructions of gut microbial metabolism in weanling pigs. Microbi-
ome, 7(1), 1-11.  

Wang, Y., Hu, Y., Liu, F., Cao, J., Lv, N., Zhu, B., Zhang, G., Gao, G. F. (2020). Integrated 
metagenomic and metatranscriptomic profiling reveals differentially ex-
pressed resistomes in human, chicken, and pig gut microbiomes. Environ-
ment International, 138, 105649.  

White, J. K., Nielsen, J. L., & Madsen, A. M. (2019). Microbial species and biodiver-
sity in settling dust within and between pig farms. Environmental re-
search, 171, 558-567.  

Xiao, L., Estellé, J., Kiilerich, P., Ramayo-Caldas, Y., Xia, Z., Feng, Q., Liang, S., Peder-
sen, A. Ø., Kjeldsen, N. J.,  Liu, C., Maguin, E., Dore, J., Pons, N., Le Chatelier, 
E., Prifti, E., Li, J., Jia, H., Liu, X., Xu, X., Ehrlich, S.D., Madsen, L., Kristiansen, 
K., Rogel-Gaillard, C., Wang, J.  (2016). A reference gene catalogue of the 
pig gut microbiome. Nature microbiology, 1(12), 1-6.  

Yang, H., Huang, X., Fang, S., Xin, W., Huang, L., & Chen, C. (2016). Uncovering the 
composition of microbial community structure and metagenomics among 
three gut locations in pigs with distinct fatness. Scientific reports, 6, 
27427.  

Yang, H., Xiao, Y., Wang, J., Xiang, Y., Gong, Y., Wen, X., & Li, D. (2018). Core gut 
microbiota in Jinhua pigs and its correlation with strain, farm and wean-
ing age. Journal of Microbiology, 56(5), 346-355.  

Yasukawa, K., Iida, K., Okano, H., Hidese, R., Baba, M., Yanagihara, I., Kojima, K., 
Takita, T., Fujiwara, S. (2017). Next-generation sequencing-based analy-
sis of reverse transcriptase fidelity. Biochemical and biophysical research 
communications, 492(2), 147-153.  

Zeineldin, M., Aldridge, B., Blair, B., Kancer, K., & Lowe, J. (2018). Impact of par-
enteral antimicrobial administration on the structure and diversity of the 
fecal microbiota of growing pigs. Microbial pathogenesis, 118, 220-229.  

Zhang, L., Chen, P., Zhou, Z., Hu, Y., Sha, Q., Zhang, H., Liu, X., Du, W., Feng, X.,  Liu, 
B.-F. (2019). Agarose-based microwell array chip for high-throughput 
screening of functional microorganisms. Talanta, 191, 342-349.  

Zhang, L., Wu, W., Lee, Y.-K., Xie, J., & Zhang, H. (2018). Spatial heterogeneity and 
co-occurrence of mucosal and luminal microbiome across swine intesti-
nal tract. Frontiers in microbiology, 9, 48.  

Zhang, W., Zhu, Y.-H., Zhou, D., Wu, Q., Song, D., Dicksved, J., & Wang, J.-F. (2017). 
Oral administration of a select mixture of Bacillus probiotics affects the 



                                               I.A. Grosu et al.                                                                                           115 

 
gut microbiota and goblet cell function following Escherichia coli chal-
lenge in newly weaned pigs of genotype MUC4 that are supposed to be 
enterotoxigenic E. coli F4ab/ac receptor negative. Applied and Environ-
mental Microbiology, 83(3).  

Zhao, S.-H., Recknor, J., Lunney, J. K., Nettleton, D., Kuhar, D., Orley, S., & Tuggle, C. 
K. (2005). Validation of a first-generation long-oligonucleotide microar-
ray for transcriptional profiling in the pig. Genomics, 86(5), 618-625.  

Zhao, W., Wang, Y., Liu, S., Huang, J., Zhai, Z., He, C., Ding, J., Wang, J., Wang, H., Fan, 
W., Zhao, J., Meng, H. (2015). The dynamic distribution of porcine micro-
biota across different ages and gastrointestinal tract segments. PloS one, 
10(2), e0117441.  

Zoetendal, E. G., Collier, C. T., Koike, S., Mackie, R. I., & Gaskins, H. R. (2004). Mo-
lecular ecological analysis of the gastrointestinal microbiota: a review. 
The Journal of nutrition, 134(2), 465-472.  

 


