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ABSTRACT
Objective
The aim of this review is to inform the interested surgeon about the culture-
independent microbiome research.

Observations
Over the last two decades, we have come to understand the important role of the 
human microbiota, a vast ecosystem encompassing all of the bacteria, fungi, 
archaea, viruses, and protozoa colonizing the human body. Extensive research has 
demonstrated the importance of the microbiota living in and on the human body 
are major players in health and disease. Research on the microbiota and their genes, 
the so-called microbiome, have become widely accepted, but publications in the 
surgical field remain scarce and have fallen behind on other medical specialties. We 
think this might be due to a lack of knowledge about the possibilities and methods. 
Therefore, we wrote this review that explains the current methods and considerations 
for performing microbiome research and the interpretation of said research.

Conclusion
Microbiome research in the surgical field is rare and it is time to gap to bridge. 
Current methods are not perfect yet to analyse or interpret microbial data. There 
is no universal protocol, there are very diverse methods, that can be interpreted 
differently. This review gives a practical overview on the possibilities and pitfalls 
in microbiome research. When one takes the subjects discussed in this review in 
consideration, conducting 16S rRNA gene sequencing can be a standard method for 
microbial research that surgeons should consider.
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INTRODUCTION
Over the last two decades, we have come to realize that the human microbiome, a vast 
ecosystem encompassing all of the bacteria, fungi, archaea, viruses, and protozoa 
colonizing the human body, plays an important role in human health. The advent of 
culture-independent techniques to analyse the microbiome, such as 16S ribosomal 
RNA gene or metagenomic DNA sequencing, has led us to discover that the variety 
of organisms inhabiting the human host is wider than ever imagined. Further, it is 
now appreciated that the genetic composition of these microorganisms and their 
interaction with human genes are critical to regulate host homeostasis and the 
balance of health and disease.

Knowledge on the influence of the microbiome on medical diseases has quickly 
advanced and has touched all medical subspecialties. There is now compelling evidence 
that diseases such as cancer, depression and even multiple sclerosis are at least in 
part microbial driven and bacterial derived therapies such as faecal transplantation 
for Clostridium difficile infections or probiotics for inflammatory bowel disease are 
becoming common. (1-4) While specialized investigators have linked intestinal 
anastomotic leak, postoperative ileus, trauma outcomes to perturbations of the 
microbiome, how the microbiome influences surgical patients remains at its infancy. 
(5-8) It is therefore not surprising that there are significantly more manuscripts on 
microbial science published in the top medical compared to the equivalent surgical 
journals (Figure 1).

Figure 1A – Search results on PubMed. Including the search term “surgery” in simple PubMed searches, a rise 
in microbiota related research is seen. However, a general search for research articles on microbiota shows that 
the surgical contribution to these articles is minor. Search terms used are indicated in the legend of the graph.

4
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Figure 1B – Search results on various journals’ websites. A search on the websites of several well-
known journals with the terms: “microbiome” and/or “microbiota” shows that the surgical journals publish 
considerably less articles containing research on microbiota than journals with non-surgical scopes.

Although it is clear that surgeons are intrigued by the microbiome, most do 
not have training in the innovative techniques that are driving microbial research. 
This gap in knowledge represents a major hurdle for surgeons to have widespread 
participation in the field and potentially prevents the advance of our understanding 
as to how the microbiome influences surgical patients. In this manuscript, we review 
the tools and methods of microbiome research, giving a foundation for the interested 
surgeon to develop their own microbial research program or to critical evaluate the 
existing microbial based literature.

BACTERIA AND THE HOST
The work done over the last decades has demonstrated the importance of intestinal 
bacteria in health and disease. Intestinal bacteria are in physiological condition 
in complete symbiosis with their host. They provide nutrition for epithelial cells 
by production of short chain fatty acids (SCFAs). These are produced by microbial 
fermentation of dietary fibres and endogenous mucus, in turn continuously produced 
by goblet cells to maintain the mucus barrier. Host and bacteria are in continuous 
contact and exchange not only nutrition but also information. Microbiota stimulate 
epithelial turnover and help regulating the host’s immune system in order to maintain 
the bacterial composition and prevent and pathogenic colonization. (9,10) Additionally, 
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bacterial signalling has been proven to contribute to epithelial cell wall integrity. (11) 
Besides, bacteria that are potentially pathogenic such as Pseudomonas, Enterococcus 
Staphylococcus and Enterobacteriaceae like Escherichia and Klebsiella, are usually also 
present in small quantities in the non-diseased gastrointestinal tract. However, during 
ilness the bacterial composition is changed or changes. Much research of the microbial 
composition and intestinal diseases such as IBD and IBS have been conducted. (12) 
Even in the youngest the microbiota are linked to a role in disease, where microbial 
analysis of the meconium shows a relationship with necrotizing enterocolitis. (13,14) 
Also postoperative surgical infections are associated with a disturbed microbiome. 
(15) Research from our own laboratories also show relationship with the microbiota 
and anastomotic leak in colorectal surgery. (5,16) Another interesting example of 
microbiome analysis with next generation sequencing is an association between 
tongue microbiota and liver carcinoma. It shows that patients with liver carcinoma 
have a significantly distinguishable microbiome on the tongue compared to healthy 
patients. (17)

BASICS OF BACTERIAL RESEARCH
The verbiage used for microbial research has evolved as the field has matured. The 
Microbiome refers to the collective genomes of the microorganisms in a particular 
environment, while the microbiota refers to the specific microorganisms that are 
found within a particular environment. It is important to recognize that while most 
often the researcher is studying the bacterial component of the microbiota, other 
microorganisms, such as fungi and viruses are gaining increasing importance of their 
contribution to the role of the microbiota in health. For simplicity, for the remainder 
of this manuscript, we will refer to only the bacterial component of the microbiota.

Bacterial Identification
Culture-dependent methods
The initial question asked in most microbial centred research projects is ‘which bacteria 
are present?’ Culture-dependent identification of bacteria has been the standard for 
nearly two-centuries. In this technique, a biological sample is inoculated on general 
or selective media leading to the identification of the bacteria in question. Detection 
of pathogens can be done with a very low limit of detection, one growing bacterium 
in a sample will lead to a colony on a plate. The bacterial strains can then be stored 
for further testing. Because this method is dependent upon bacterial growth, the 
live strain can be exposed to different environments and the physiological function 
assayed. Additionally, experiments can be designed to silence or overexpress bacterial 

4
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genes to understand the molecular mechanisms of the pathogens. Culture-dependent 
cultivation of bacteria remains the standard of care for patient derived pathogen 
identification and antibiotic resistance profiling in medical laboratories across the 
world.

While culture-dependent identification of bacteria has been the cornerstone for 
bacterial analysis since its discovery, its results are entirely reliant upon that ability 
of the tested microbe to grow in vitro. Oxygen concentration (aerobes vs anaerobes) 
and nutrient requirements vary for each species, and thus if they are not optimized 
that strain will not grow or be identified if present.

Culture-independent methods
The process by which culture-independent procedures are performed is significantly 
different from culture-dependent methods. Whereas culture-dependent methods 
rely on growth of the organism in the laboratory, culture-independent techniques 
depend solely upon the number of molecules that represent a micro-organism. 
This could be proteins and fatty acids but most of the times these are nucleic acids 
present in the sample being tested. Most techniques are based on the detection of 
the ribosome, for instance 16S rRNA that is the RNA portion of the small subunit of 
the ribosome in prokaryotes (bacteria and archaea) and that is significantly different 
from the homologue 18S rRNA molecule present in eukaryotes (e.g. human). Unique 
to prokaryotes, the 16S rRNA gene contains two sorts of regions: a highly conserved 
regions present in all bacteria and 9 separate hypervariable regions that are specific 
to the taxonomic rank of the microbe. This molecular barcode can therefore be used 
to identify which bacteria are present within a biological sample.

In a standard workflow, the biological sample is acquired (detailed below), and 
DNA is extracted. Using primers that bind to both the conserved regions and that flank 
the hypervariable regions, the 16S rRNA gene is amplified. (18) This gene segment 
(known as an amplicon), is subsequently sequenced, and compared to 16S rRNA genes 
in reference databases. This comparison then allows identification of the bacteria for 
which the 16S rRNA gene was amplified from.

rRNA or rDNA?
First the terminology has to be addressed that in literature 16S rRNA sequencing, 
16S rDNA sequencing or 16S rRNA gene sequencing are used, sometimes even for the 
same analysis. They are in fact not the same. Ribosomal RNA (rRNA) is the actual 
RNA product of transcription from the ribosomal DNA (rDNA operon). rRNA is quite 
stable and RNA-based 16S rRNA sequencing allows differentiation between bacteria 
that are metabolically active or in a dormant state, since the number of ribosomes 
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is dependent on the growth state. In order to PCR amplify and sequence this, first a 
reverse transcriptase reaction will convert the RNA into cDNA. In contrast, DNA-based 
16S sequencing (rDNA) (also called 16S rRNA gene sequencing) is unable to differentiate 
between alive and dead bacteria. (19) However, the latter method is the most general 
used in the research setting. We should thus speak about 16S rDNA sequencing or 
better 16S rRNA gene sequencing, since the sequence of this ribosomal RNA gene is 
the actual product that is sequenced.

DETAILS ON PERFORMING CULTURE-
INDEPENDENT BACTERIAL IDENTIFICATION
To conduct culture-independent microbiome analysis, the sample must first be 
acquired and stored. Next, the bacterial DNA is extracted and sequenced. Finally, the 
sequenced DNA is analysed to determine bacterial composition. In this section, we 
highlight the methods and techniques of each step.

Sample Collection
Type of biological sample
There is a multitude of biological samples that can be analysed for bacterial 
composition and in the human microbiome project, 18 body sites were analysed. (20) 
Depending upon the goals of the project, researchers may focus on a single location 
for sample acquisition, or obtain samples from multiple. When obtaining samples, to 
limit contamination, samples should only be touched with sterile instruments, and 
placed into sterile containers. (21) For skin or mucosal samples, most researchers 
will use a specialized swab (e.g. FLOQSwab®) which includes a preservation medium 
(e.g. eNAT®). To collect the sample, the swab should be rubbed on the location for a 
consistent amount of time. For faecal samples, stool can simply be collected with a 
sterile container.

Because most studies focus on the gut microbiome, the most commonly used 
samples for microbiota analysis are faecal samples. These samples are relatively 
easily obtained, and many consider them representative for the intestinal microbial 
composition. (22) While a faecal sample may represent a sampling of the entire 
gut microbiome, it has been clearly shown that the bacterial composition changes 
throughout transit through the GI tract. (23) Investigators have observed normal 
spatial compositional changes between the small bowel, colon and rectum, and 
between luminal and mucosa adhered samples. (23,24) A further consideration when 
obtaining GI-tract samples is the difference between expelled stool and intraluminal 
contents. While most faecal samples will be expelled stool self-collected by the patient, 

4
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surgical researchers may be interested in analysing intra-luminal stool from a surgical 
resection or at an anastomosis. Similarly to differences throughout the gut there is a 
significant difference between composition in bacteria that colonizes the mucosa and 
which exists in the faeces. (25) A final consideration, especially for patients undergoing 
surgery, is the perioperative prescription of an oral mechanical bowel preparation. 
Mechanical bowel preparation can significantly alter the intestinal microbiome and 
increase the impact of oral antibiotics on the intestinal, and in particular colonic, 
mucosa. Interestingly, this influence is not universal and is variable between healthy 
and inflamed bowels. (26,27)

Regardless of the location for which the sample is acquired, it is critical that 
during analysis similar samples must be compared. For example, mucosa samples 
should be compared to mucosa samples, while expelled stool can be compared to 
expelled stool. If surgical patients are being studied, prescription of a bowel prep 
should be noted, and samples consistently be collected either before or after, depending 
upon the study aims.

Sample storage
Once the sample is obtained, it can be stored indefinitely if stored properly. The method 
by which the sample is stored can significantly influence the outcome of the microbial 
analysis and thus all samples should be stored in the same manner. Stabilization of 
DNA is essential so that the analysis represents the conditions when the sample was 
acquired. Collected samples should be transported on ice and stored at either −20 °C 
or, ideally, at −80 °C. (28) If stored at −80 °C the samples can be stored indefinitely. Due 
to logistics, temporarily storing the samples at 4°C is often necessary and if less than 
24 hours, this should not significantly influence the bacteria composition; in this case 
the sample should be placed at -80oC as soon as possible. (29)

While this method of storage allows non-culture based analysis, it does not allow 
subsequent direct culture of the bacteria. If direct culture is also to be performed, 
the sample should be aliquoted mixed with sterile glycerol-physiologic salt solution 
(10-25%). Glycerol will prevent crystal formation and thus will preserve the sample to 
allow for subsequent bacterial culture. (30)

DNA isolation and amplification
The first step in performing 16S rRNA gene bacterial analysis is isolation of bacterial 
DNA. Isolation of genomic DNA is a standard laboratory procedure but fraught with 
many pitfalls and influencing factors. Isolation of bacterial DNA can be outsourced 
at many ‘core-facilities’ or performed by the investigator using almost any of the 
commercially available DNA-isolation kits. These kits rely on different principles 
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for DNA purification, including solution- and solid-phase-based protocols and the 
majority of available kits have satisfactory sequencing results (31,32) However, the 
yield and quality of the DNA-isolates and the community structure observed from 
various kits are not always comparable or interchangeable. (33) Therefore the same kit, 
and preferable with the same lot number, should be used for a single study. (32,34-36). 
Polymerase chain reaction (PCR) amplification of DNA is done by first denaturizing 
every double-stranded DNA copy present and creating two single stranded complement 
copies. By adding matching nucleotides (polymerizing) the two single-stranded copies 
become double-stranded again. Repeated denaturization and polymerization, causes 
an exponential amplification of the amount of DNA copies. It is important to remember 
that any extraction and amplification kits contain their own microbiome, therefore, 
contamination can influence the results. This is especially important when the sample 
material has low biomass, increasing the relative amount of the contaminant, which 
in the worst cases, results in “blue whales in the Himalaya or African elephants on 
Antarctica”. (21)

DNA sequencing
While there are different methods of sequencing the most widely used is the Illumina 
MiSeq sequencing method and has become highly accurate and relatively affordable. 
It can be used for both single-end and paired-end sequencing. Paired-end sequencing 
reads from both ends of the isolated DNA fragments, allowing to detect the distance 
between each paired read due to overlapping base-pairs. This results in double the 
length of single-end sequencing reads and is therefore more accurate for phylogenetic 
identification. Single-end sequencing is more affordable, but only reads the DNA from 
one end. It is therefore less accurate, especially for the complex mixtures of 16S rRNA 
genes, and not advisable for microbiome research. It is often used for RNA-sequencing 
(transcriptomic analysis).

In addition to Illumina MiSeq, novel methods have recently become available 
allowing sequencing to become more mainstream. The MinION Nanopore system is 
small, lightweight, and can be plugged into a desktop computer without the need of 
additional computing infrastructure required. (37) The Ion Torrent is a very efficient 
methods and sequence runs are very fast (about 2 hours compared to the 5.5 to 60 
hours for Illumina). It is relatively low-cost and has been able to rapidly expand 
the output in a short time. (38) Despite these advances, laboratory equipment and 
preparation are needed for the preparation steps limiting its widespread use.

4
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METHODS OF ANALYSIS
Analysis of the sequenced bacterial DNA is the next step. In most academic 
centres, bioinformatics is available for help in guiding analysis. In many instances, 
bioinformatics centres will provide complete analysis and figure generations. In this 
section we review the available methods used for analysis that allow the surgeon 
critical evaluate the results.

Taxonomic analysis
Taxonomic analysis is performed to determine which bacterial taxa the sequenced 
DNA belongs to. To do this, the sequenced hypervariable regions of the bacterial 16S 
gene are used. This gene contains nine hypervariable regions (V1-V9) ranging from 
30-100 base pairs. It has been shown that the V4-V6 regions are the most reliable 
regions for representing the full-length 16S rRNA gene sequences in the phylogenetic 
analysis of most bacterial phyla, while V2 and V8 were the least reliable regions. (39) 
Therefore, amplification of the V4 region is the most commonly used method for 
taxonomic analysis.

To determine which taxa the amplicon originated from, the sequenced variable 
region is aligned to an available reference database such as RDP, (40) SILVA, (41) NCBI, 
(42) Greengenes (43) and the more recently published Open Tree of life Taxonomy 
(OTT). (44,45).

Taxonomy analysis can classify the amplicon into one of seven taxonomic ranks 
(Table 1). To which level taxonomic analysis can identify depends upon the length of the 
amplicons: a longer sequence gives a better and more accurate identification. Currently 
often only the V4 region of the 16S rRNA gene is sequenced, while sequencing V3 and 
V4 by using a different primer set for amplicon generation, gives more information. In 
the literature, the most commonly used representations are phylum and genus level 
but the choice of rank in which the authors report their results differs per experiment 
and on the hypothesis being tested.

Table 1 – Example of scientific classification of the taxonomic ranks for the well-known bacteria 
Escherichia coli and the domestic cat.

Domain/Kingdom Bacteria Animalia

Phylum Proteobacteria Chordata

Class Gammaproteobacteria Mammalia

Order Enterobacteriales Carnivora

Family Enterobacteriaceae Felidae (subfamily Felinae)

Genus Escherichia Felis

Species E. coli F. catus (domestic cat)
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Relative Abundance
Once the taxa of all of the amplicons within a sample are determined calculating 
the relative abundance is often the next step in analysis. Relative abundance shows 
the percentage of an organism within the total number of organisms present in that 
sample. This analysis is the simplest method to compare the differences between 
two samples and is often represented by a barplot. While relative abundance is an 
important part of the analytics for microbiome research significant pitfalls exist. 
Relative abundance does not take the total number of organisms into account, and 
thus when comparing across samples with differing bacterial load, the results can be 
misleading. For example, a stacked bar in a relative abundance barplot can represent a 
sample containing a total of 1,000 organisms while the other stacked bar has 10,0000 in 
total (Figure 2B); while the composition and percentages may be the same, the number 
of organisms can be significantly different.

Contamination
As mentioned earlier, contamination might occur during analysis. By sample 
retrieval, by kits used or by the way of handling by the researcher. The extent can 
be impactful and wrong conclusions can be drawn. Salter et al showed that bacterial 
contamination is characteristic to each laboratory, reagent, and reagent’s lot. It is 
therefore recommended to include several negative controls in experiments. (46) When 
the sample has enough biomass the contamination is only a small proportion and can 
be eliminated with analysis. Bacteria that are commonly seen in analyses that can be 
(but not necessarily have to be) contaminants often have their natural habitat in water 
and low amounts of their DNA seems to remain present in buffers and kit materials, 
these are amongst others: Acinetobacter, Curvibacter, Delftia, Legionella, Methylobacterium, 
Novosphingobium, Ralstonia, Sphingomonas, Undibacterium and Variovorax. (47)

Diversity analysis
Taxonomic analysis allows the determination of the relative abundance of taxa within 
that bacterial community. To gain further insight into the bacterial composition of the 
samples usually a diversity analysis is performed. The two main techniques for diversity 
analysis are alpha diversity (α-diversity) and beta diversity (β-diversity). (48,49) Alpha 
diversity represents the within sample differences and is determined by the richness 
and evenness of members of the bacterial community within a single sample. 
Beta diversity represents the between sample differences and is the dissimilarity 
between communities of two sites (or two samples). Higher α-diversity means 
there are increased amounts of different taxa within on sample, whereas increased 
β-diversity means that composition between two communities are more different.

4
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Figure 2 - A simplifi ed example of 6 fi ctional samples with fi ctitious species – A. Three “patient” 
samples of a research group and 3 “control” samples, with various “species”. Sample 1 (n=26) has the same 
species as Sample 2 (n=39), but in other amounts. Sample 3 (n=26) has different species than Samples 1 and 
2, but has equal amounts of species as Sample 1. The control samples contain of all the species that are 
also present in the artifi cial samples. Sample 4 (n=30) and 5 (n=60) have the same proportions, but Sample 
5 has twice the amount. Sample 6 (n=30) has the same species as the other controls but differs in ratio of 
the different species. B. Barplots are usually plotted as relative abundance plots. The relative abundance 
is sometimes interpreted wrongly, as it only presents the total composition. The barplots with absolute 
counts or cumulative counts are usually not presented, but are here plotted to show the difference with 
the relative abundance plots.
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Figure 3 - Diversity analyses of example samples (shown in Figure 2) – A. Alpha diversity (I: Shannon 
and II: Simpson diversity) analyses per sample show that the samples with the most different species 
(sample 4 and 5) have a high diversity within the samples. The total amount of species does not matter, as 
long as the proportions are the same. Sample 6 is a little less diverse, due to different proportions. This is 
also the reason for the low diversity in Sample 2 compared to Sample 1. It has the same species but differs 

4
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in proportion. Sample 3 is as diverse as Sample 1, but with different species. When grouped alpha diversity 
analyses (III and IV), the control samples show to have a statistically higher (P <0.05) diversity with Shan-
non Diversity (P = 0.02, t-test) but not with the Simpson diversity index (P = 0.11, t-test). C. If we perform a 
Principal Component Analysis (PCA) and plot the first two principal components, the samples are plotted 
apart corresponding the direction (red arrow) of the different species. We see that Sample 2 lies far from 
the other samples, due to its relatively large amount of species A. Sample 3 is the only sample containing 
solely species 4, 5 and 6 and is therefore distant from other samples. Sample 4, 5 and 6 consist of the same 
species and are plotted close together, although differences in amounts of species separate them. Thus, 
the direction of the samples in this method are based on the presence and number of different organisms 
in the samples. This method is not commonly used, but does show the influence of the individual species 
(or the taxonomic rank of choice). D. In order to see the difference in diversity between the samples, beta 
diversity distance matrices can be used. When looking at the Jaccard Distance boxplot, there is a clear 
overlap between the two groups (artificial and control) and does not show statistically significant differ-
ence (P = 0.37, t-test). A Principal Coordination Analysis (PCoA) of the Bray Curtis dissimilarity shows that 
the samples within the group of artificial samples lie far apart, mainly due to the different abundances of 
the different species between the samples. However, they do not seem to overlap with the control samples. 
The diversity between the groups do not significantly differ (P = 0.14, t-test).

Numerous methods have been developed to create the most accurate 
representation of the diversity in or between samples. These methodical differences 
mainly differ by how they account for rare species. The Simpson’s Diversity Index 
and Shannon Diversity Index are often used for α-diversity analysis. Shannon index 
assumes that all species are represented equally in a sample and that they are 
randomly sampled. In this case, a rare species with a small overall abundance will not 
affect the diversity. Alternatively, the Simpson’s index is dependent on the dominance 
of species, and therefore when the dominance of a species increases, the diversity 
decreases (Figure 3A).

Similarly, β-diversity can be analysed in a number of different ways. A simple 
way of comparison diversity between samples is the Jaccard’s index, representing 
the fraction of species shared between the samples without taking account the 
abundance of species. Bray Curtis dissimilarity works the same, but does consider 
the abundance of species (Figure 3B). Another widely used method for β-diversity is 
the UniFrac distance metric. It uses the phylogenetic distance between species in the 
samples, meaning that when species are more similar there is less diversity. UniFrac 
can be weighted (quantitative), where the abundance of species is taken into account 
or unweighted (qualitative) where abundance is not analysed by rather the presence 
of absence of the species in question.

Multiple testing
16S rRNA gene sequencing gives millions of reads for each sample analysed, depending 
on the sequence and sample size. Due to this huge amount of data, analyses should be 
corrected for multiple testing. Commonly used methods are Benjamini-Hochberg (also 
False Discovery Rate, FDR) or Bonferroni (Family-Wise Error Rate, FWER), with the first 
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the most used for bacterial research. Bonferroni uses all p-values and corrects them 
independently of their rank. This can create false negatives in large data, causing less 
significant observations. An FDR adjusted P-value (or q-value) can be interpreted like 
“normal” P-values, an FDR of 0.05 implies that 5% of significant tests result in false 
positives. Consensus about the cut-off value for FDR hasn’t been reached and values 
<0.25 are sometimes considered to be significant, usually an FDR of 0.05 is used.

From mice or man?
Naturally, the bacterial composition differs between mice (Mus musculus) and human 
(Homo sapiens), but it is very important for the evaluation of microbiome-based 
manuscripts to take in mind where the samples studied were obtained from. The 
choice for a mouse model is tempting, but 85% of the sequences in mice that represent 
genera have not been detected in humans. (50) Besides, the bacterial richness (i.e. the 
number of different genera in the population) in mice seems to be higher. However, on 
phylum level the bacterial communities in both human and mouse seems to be similar, 
where the two main bacterial phyla are Bacteroidetes and Firmicutes. (50,51) Mice 
have large amounts of the phylum Deferribacteres, where only the human stomach 
hosts small amounts of. (52) There seems to be a higher abundance of Prevotella, 
Faecalibacterium and Ruminococcus in human samples, whereas in mice Lactobacillus, 
Alistipes and Turicibacter are more abundant. Genera like Clostridium, Bacteroides and 
Blautia are present in similar amounts. However, this data does differ per strain of mice 
and other confounding factors like mouse house origin and environmental conditions 
(food composition, light, stress factors, pathogen infection). (53) The use of 16S rRNA 
gene sequencing in mouse models should therefore be critically evaluated.

Other frequently used animal models are rat and pig models. Although having 
their practical disadvantages, their gut microbiota might be more similar to the 
human microbiota than mice. The gut bacterial communities of especially humanized 
rats are more similar to the gut microbiota of human. (54) The pig gut microbiota is 
interesting due to the similarities in anatomy, physiology and immunology to the 
human gastrointestinal tract. On a phylum level pigs have the same ratio of Bacteroides 
and Firmicutes as humans, but have more of the genera Spirochaetes and Prevotella than 
the human gut microbiota. (55) These differences make translation from research in 
other mammals to the human situation difficult.
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Figure 4 – Overview of the different consecutive steps (clockwise) in microbiome research and their pitfalls

Metagenomics and metatranscriptomics
So, the function of the bacteria and their interaction with the hosts organs solely 
analysed with 16S rRNA gene sequencing data remains a guess and can only be based of 
functions described on strain level research. For that shotgun metagenomic sequencing 
is needed. Metagenomic sequencing gives the opportunity to sequence all the DNA 
in a sample, thus sequencing thousands of genes from hundreds of microorganisms 
in parallel. This allows to create an approximation of the metabolism of individual 
microbial species and gain insight into their potential role in the interaction with 
the host. Metagenomic sequencing is conducted via shotgun sequencing, where the 
entire genome is broken up into small fragments of DNA and subsequently sequenced 
and analysed. For this all sequence reads can be mapped against available genome 
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reference databases or they can be reassembled using overlapping nucleotides in 
the attempt to recreate genomic species of the microbes present. It’s technically 
challenging and time-consuming. Currently it is still a relatively expensive method, 
although sequencing prices still tend to go down. Performing these studies might 
pay off eventually, by facilitating the understanding of the mechanisms behind the 
disease of the investigated subject when the taxonomic and metabolic diversity of a 
sample are analysed.

In addition to this, RNA sequencing can be performed. This shows the gene 
expression (or transcriptome) of all genes from an organism present. One step further 
is metatranscriptomics. This is RNA sequencing of all RNA material present in the 
sample (from host and microorganisms). With that data the actual interaction between 
organisms can be analysed, or the influence of interventions can be observed. However, 
this method does not include the identification of the organisms the genes are from.

18S and ITS analysis
16S rRNA gene analysis is the golden standard for identifying bacterial (prokaryote) 
communities. However, in order to sequence eukaryotes or fungi respectively 18S rRNA 
and inter transcriptional spacer (ITS) sequencing between 18S rRNA and 28S rRNA are 
used. The method is in principle the same: amplicon sequencing, but the analysis needs 
more specialistic knowledge, which we will not elaborate in detail. Fungi account for 
<0.1% of the total microorganisms in the gut but can cause disease, especially when 
due to antibiotics or other invasive factors the microbial composition is disturbed. (56) 
It seems that fungi (and maybe even some eukaryotes) can have unexpected influence 
on results (Chapter 7 of this thesis).

DISCUSSION
The trend of rising interest in microbial research brings confusion about the used 
methods, analyses and the interpretation of results of these papers. Therefore, we have 
addressed some questions that arise on the topic of intestinal microbiome research, 
mainly focusing on 16S rRNA gene sequencing. Although the potential of this microbial 
identification method has shown to be very valuable, the method is unfortunately not 
perfect (yet). It’s dependent on many variables, from DNA-isolation to data analysis, 
and is subject to interpretation. It therefore needs to be performed with precision 
and some caution.

For the surgeon this field is relatively unexplored. Even when microbiome 
research was performed from a surgical perspective, it was until now mainly limited 
to the intestinal microbiota as the subject of research. The gut, however, isn’t the only 
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organ that can be studied for microbial presence and composition. Recently, it has been 
shown that (dormant) bacteria even occur in body fluids formerly seen as sterile, such 
as blood and urine. (57,58) The bacteria present in blood already have been linked to 
chronic diseases such as atherosclerosis, cardiovascular disease and diabetes type II. 
(59-61) It has been postulated that they might even hide in leukocytes, using them as 
“trojan horses” awaiting a signal to cause infection. (62) And amazingly, although the 
blood/brain barrier prevents the brain from bacterial invasion, the brain might even 
have its own microbiota. Human brain tissue collected at autopsy from pathologically 
normal brains were compared to abnormal brains from patients with HIV/AIDS and all 
showed to have bacterial populations. The patients’ microbiota in the brain did differ 
to the normal brain, probably due to a permeable blood/brain-barrier. (63) The field 
has become broad and there’s a gap to bridge in surgical research.

In this review we’ve tried to explain in a comprehensive way how to perform 
microbial research and what the possibilities are of culture-independent microbial 
analyses. We are only beginning to unravel the most complex symbioses there is: 
between mammals and microorganisms. Hosts influence their microbial inhabitants 
by behaviour, food and other intake, that directly has implications for the host’s own 
health due to the microorganisms response. (64) It’s implications for the surgical world 
could reach further than we might think.

An absolute advantage is that 16S rRNA gene sequencing allows a culture-
independent analysis. The behaviour of microorganisms in their natural habitat 
is differs profoundly from their behaviour in culture. In culture there’s a lack of 
interactions between other bacteria and host, as well as a difference in nutrients and 
resources. It doesn’t give information on molecular level about the interaction between 
the host and microorganism but gives insight in the bacterial changes by treatments 
of the host. Besides, cultures show only culturable bacteria and do not necessarily 
represent the total composition. Ideally, for optimal research on the interaction 
between cells and bacteria, cellular models mimicking host’s cell behaviour including 
the presence of bacteria are needed.

We can’t conclude much with 16S rRNA gene analysis at the moment, except for 
changes in composition, in combination with the interpretation of known mechanisms 
of bacterial genera. Therefore, compared to metagenomics and (meta)transcriptomics 
it is limited, but it is better defined in the manners of usage. Besides, it’s cheap and 
accessible and is a perfect method to give direction to future mechanistic research. 
If any functional data is needed besides the 16S rRNA gene sequencing, but (meta)
transcriptomics or metagenomics are not feasible, reverse transcriptase PCR can 
be performed. If that has to be species specific, a good old culture might still be as 
valuable as it’s ever been.
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CONCLUSION
Novel sequencing methods are becoming an important analysis method for microbial 
diversity and should be used in surgical research. Current methods are not perfect 
yet to analyse or interpret microbial data. There is no universal protocol, there are 
very diverse methods, that can be interpreted differently. However, when one takes 
the subjects discussed in this review in consideration, conducting 16S rRNA gene 
sequencing can be a standard method for microbial research that surgeons should 
consider.

4

Jasper_Proefschrift.indd   73Jasper_Proefschrift.indd   73 27/01/2020   14:27:5527/01/2020   14:27:55



74

Chapter 4 

REFERENCES
1. Hvas CL, Dahl Jørgensen SM, Jørgensen SP, Storgaard M, Lemming L, Hansen MM, et al. Fecal 

Microbiota Transplantation Is Superior to Fidaxomicin for Treatment of Recurrent Clostridium 
difficile Infection. Gastroenterology. 2019 Apr;156(5):1324–1332.e3.

2. Chen T, Zhou Q, Zhang D, Jiang F, Wu J, Zhou J-Y, et al. Effect of Faecal Microbiota Transplantation 
for Treatment of Clostridium difficile Infection in Patients With Inflammatory Bowel Disease: A 
Systematic Review and Meta-Analysis of Cohort Studies. J Crohns Colitis. 2018 May 25;12(6):710–7.

3. Thomas H. IBD: FMT induces clinical remission in ulcerative colitis. Nat Rev Gastroenterol Hepatol. 
Nature Publishing Group; 2017 Apr;14(4):196–6.

4. Kelly CR, Ananthakrishnan AN. Manipulating the Microbiome With Fecal Transplantation to Treat 
Ulcerative Colitis. JAMA. 2019 Jan 15;321(2):151–2.

5. van Praagh JB, de Goffau MC, Bakker IS, van Goor H, Harmsen HJM, Olinga P, et al. Mucus Microbiome 
of Anastomotic Tissue During Surgery Has Predictive Value for Colorectal Anastomotic Leakage. 
Ann Surg. 2018 Jan 9;:1.

6. Shogan BD, Belogortseva N, Luong PM, Zaborin A, Lax S, Bethel C, et al. Collagen degradation and 
MMP9 activation by Enterococcus faecalis contribute to intestinal anastomotic leak. Sci Transl Med. 
American Association for the Advancement of Science; 2015 May 6;7(286):286ra68–8.

7. Schwarz NT, Beer-Stolz D, Simmons RL, Bauer AJ. Pathogenesis of paralytic ileus: intestinal 
manipulation opens a transient pathway between the intestinal lumen and the leukocytic infiltrate 
of the jejunal muscularis. Ann Surg. Lippincott, Williams, and Wilkins; 2002 Jan;235(1):31–40.

8. Howard BM, Kornblith LZ, Christie SA, Conroy AS, Nelson MF, Campion EM, et al. Characterizing the 
gut microbiome in trauma: significant changes in microbial diversity occur early after severe injury. 
Trauma Surg Acute Care Open. 2017;2(1):e000108.

9. Savage DC, Siegel JE, Snellen JE, Whitt DD. Transit time of epithelial cells in the small intestines of 
germfree mice and ex-germfree mice associated with indigenous microorganisms. Appl Environ 
Microbiol. American Society for Microbiology (ASM); 1981 Dec;42(6):996–1001.

10. Ashida H, Ogawa M, Kim M, Mimuro H, Sasakawa C. Bacteria and host interactions in the gut epithelial 
barrier. Nat Chem Biol. Nature Publishing Group; 2011 Dec 15;8(1):36–45.

11. Cario E, Gerken G, Podolsky DK. Toll-like receptor 2 controls mucosal inflammation by regulating 
epithelial barrier function. Gastroenterology. 2007 Apr;132(4):1359–74.

12. Vich Vila A, Imhann F, Collij V, Jankipersadsing SA, Gurry T, Mujagic Z, et al. Gut microbiota 
composition and functional changes in inflammatory bowel disease and irritable bowel syndrome. 
Sci Transl Med. 2018 Dec 19;10(472):eaap8914.

13. Heida FH, van Zoonen AGJF, Hulscher JBF, Kiefte te BJC, Wessels R, Kooi EMW, et al. A Necrotizing 
Enterocolitis-Associated Gut Microbiota Is Present in the Meconium: Results of a Prospective Study. 
Clinical Infectious Diseases. 2016 Mar 11;62(7):863–70.

14. Morrow AL, Lagomarcino AJ, Schibler KR, Taft DH, Yu Z, Wang B, et al. Early microbial and 
metabolomic signatures predict later onset of necrotizing enterocolitis in preterm infants. 
Microbiome. BioMed Central; 2013 Apr 16;1(1):13.

15. Alverdy JC, Hyoju SK, Weigerinck M, Gilbert JA. The gut microbiome and the mechanism of surgical 
infection. British Journal of Surgery. 2017 Jan;104(2):e14–e23.

16. Shogan BD, Smith DP, Christley S, Gilbert JA, Zaborina O, Alverdy JC. Intestinal anastomotic injury 
alters spatially defined microbiome composition and function. Microbiome. BioMed Central; 
2014;2(1):35.

17. Lu H, Ren Z, Li A, Zhang H, Jiang J, Xu S, et al. Deep sequencing reveals microbiota dysbiosis of tongue 
coat in patients with liver carcinoma. Sci Rep. Nature Publishing Group; 2016 Sep 8;6(1):33142.

18. Klindworth A, Pruesse E, Schweer T, Peplies J, Quast C, Horn M, et al. Evaluation of general 16S 
ribosomal RNA gene PCR primers for classical and next-generation sequencing-based diversity 
studies. Nucleic Acids Res. 2013 Jan 7;41(1):e1–e1.

19. Comparison of DNA-, PMA-, and RNA-based 16S rRNA Illumina sequencing for detection of live 
bacteria in water. Sci Rep. 2017 Jul 18;7(1):5752.

Jasper_Proefschrift.indd   74Jasper_Proefschrift.indd   74 27/01/2020   14:27:5527/01/2020   14:27:55



75

Microbiome Research: A Primer for the Interested Surgeon

20. Proctor LM. The Human Microbiome Project in 2011 and beyond. Cell Host Microbe. 2011 Oct 
20;10(4):287–91.

21. de Goffau MC, Lager S, Salter SJ, Wagner J, Kronbichler A, Charnock-Jones DS, et al. Recognizing the 
reagent microbiome. Nature Microbiology. Nature Publishing Group; 2018 Jul 25;3(8):851–3.

22. Falony G, Joossens M, Vieira-Silva S, Wang J, Darzi Y, Faust K, et al. Population-level analysis of gut 
microbiome variation. Science. 2016 Apr 29;352(6285):560–4.

23. Hillman ET, Lu H, Yao T, Nakatsu CH. Microbial Ecology along the Gastrointestinal Tract. Microbes 
Environ. Japanese Society of Microbial Ecology · The Japanese Society of Soil Microbiology; 2017 Dec 
27;32(4):300–13.

24. Tropini C, Earle KA, Huang KC, Sonnenburg JL. The Gut Microbiome: Connecting Spatial Organization 
to Function. Cell Host Microbe. 2017 Apr 12;21(4):433–42.

25. Zoetendal EG, Wright von A, Vilpponen-Salmela T, Ben-Amor K, Akkermans ADL, de Vos WM. Mucosa-
associated bacteria in the human gastrointestinal tract are uniformly distributed along the colon 
and differ from the community recovered from feces. Appl Environ Microbiol. American Society for 
Microbiology (ASM); 2002 Jul;68(7):3401–7.

26. Shobar RM, Velineni S, Keshavarzian A, Swanson G, DeMeo MT, Melson JE, et al. The Effects of Bowel 
Preparation on Microbiota-Related Metrics Differ in Health and in Inflammatory Bowel Disease 
and for the Mucosal and Luminal Microbiota Compartments. Clin Transl Gastroenterol. 2016 Feb 
11;7(2):e143.

27. Drago L, Toscano M, De Grandi R, Casini V, Pace F. Persisting changes of intestinal microbiota after 
bowel lavage and colonoscopy. Eur J Gastroenterol Hepatol. 2016 May;28(5):532–7.

28. Song SJ, Amir A, Metcalf JL, Amato KR, Xu ZZ, Humphrey G, et al. Preservation Methods Differ in 
Fecal Microbiome Stability, Affecting Suitability for Field Studies. Dearing MD, editor. mSystems. 
American Society for Microbiology Journals; 2016 Jun 28;1(3):e00021–16.

29. Bassis CM, Moore NM, Lolans K, Seekatz AM, Weinstein RA, Young VB, et al. Comparison of stool 
versus rectal swab samples and storage conditions on bacterial community profiles. BMC Microbiol. 
BioMed Central; 2017 Dec 1;17(1):78.

30. Guérin-Danan C. Storage of intestinal bacteria in samples frozen with glycerol. Microbial Ecology 
in Health and Disease. Taylor & Francis; 2009 Jul 11;11(3):180–2.

31. Becker L, Steglich M, Fuchs S, Werner G, Nübel U. Comparison of six commercial kits to extract 
bacterial chromosome and plasmid DNA for MiSeq sequencing. Sci Rep. Nature Publishing Group; 
2016 Jun 17;6(1):28063.

32. Claassen S, Toit du E, Kaba M, Moodley C, Zar HJ, Nicol MP. A comparison of the efficiency of five 
different commercial DNA extraction kits for extraction of DNA from faecal samples. Journal of 
Microbiological Methods. 2013 Aug;94(2):103–10.

33. Burbach K, Seifert J, Pieper DH, Camarinha-Silva A. Evaluation of DNA extraction kits and 
phylogenetic diversity of the porcine gastrointestinal tract based on Illumina sequencing of two 
hypervariable regions. Microbiologyopen. John Wiley & Sons, Ltd; 2016 Feb;5(1):70–82.

34. Dineen SM, Aranda R IV, Anders DL, Robertson JM. An evaluation of commercial DNA extraction kits 
for the isolation of bacterial spore DNA from soil. Journal of Applied Microbiology. Wiley/Blackwell 
(10.1111); 2010 Nov 12;109(6):1886–96.

35. Dauphin LA, Stephens KW, Eufinger SC, Bowen MD. Comparison of five commercial DNA extraction 
kits for the recovery of Yersinia pestis DNA from bacterial suspensions and spiked environmental 
samples. Journal of Applied Microbiology. Wiley/Blackwell (10.1111); 2010;108(1):163–72.

36. Mahmoudi N, Slater GF, Fulthorpe RR. Comparison of commercial DNA extraction kits for isolation 
and purification of bacterial and eukaryotic DNA from PAH-contaminated soils. Can J Microbiol. 
NRC Research Press; 2011 Aug;57(8):623–8.

37. Lu H, Giordano F, Ning Z. Oxford Nanopore MinION Sequencing and Genome Assembly. Genomics 
Proteomics Bioinformatics. 2016 Oct;14(5):265–79.

38. Rothberg JM, Hinz W, Rearick TM, Schultz J, Mileski W, Davey M, et al. An integrated semiconductor 
device enabling non-optical genome sequencing. Nature. Nature Publishing Group; 2011 Jul 
20;475(7356):348–52.

4

Jasper_Proefschrift.indd   75Jasper_Proefschrift.indd   75 27/01/2020   14:27:5527/01/2020   14:27:55



76

Chapter 4 

39. Yang B, Wang Y, Qian P-Y. Sensitivity and correlation of hypervariable regions in 16S rRNA genes in 
phylogenetic analysis. BMC Bioinformatics. BioMed Central; 2016 Mar 22;17(1):135.

40. Cole JR, Wang Q, Fish JA, Chai B, McGarrell DM, Sun Y, et al. Ribosomal Database Project: data and 
tools for high throughput rRNA analysis. Nucleic Acids Res. 2014 Jan;42(Database issue):D633–42.

41. Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, et al. The SILVA ribosomal RNA gene 
database project: improved data processing and web-based tools. Nucleic Acids Res. 2013 
Jan;41(Database issue):D590–6.

42. Federhen S. The NCBI Taxonomy database. Nucleic Acids Res. 2012 Jan;40(Database issue):D136–43.
43. DeSantis TZ, Hugenholtz P, Larsen N, Rojas M, Brodie EL, Keller K, et al. Greengenes, a chimera-

checked 16S rRNA gene database and workbench compatible with ARB. Appl Environ Microbiol. 
American Society for Microbiology; 2006 Jul;72(7):5069–72.

44. Hinchliff CE, Smith SA, Allman JF, Burleigh JG, Chaudhary R, Coghill LM, et al. Synthesis of phylogeny 
and taxonomy into a comprehensive tree of life. Proc Natl Acad Sci USA. National Academy of 
Sciences; 2015 Oct 13;112(41):12764–9.

45. Balvočiūtė M, Huson DH. SILVA, RDP, Greengenes, NCBI and OTT - how do these taxonomies compare? 
BMC Genomics. BioMed Central; 2017 Mar 14;18(Suppl 2):114.

46. Salter SJ, Cox MJ, Turek EM, Calus ST, Cookson WO, Moffatt MF, et al. Reagent and laboratory 
contamination can critically impact sequence-based microbiome analyses. BMC Biol. BioMed Central; 
2014 Nov 12;12(1):87.

47. Eisenhofer R, Minich JJ, Marotz C, Cooper A, Knight R, Weyrich LS. Contamination in Low Microbial 
Biomass Microbiome Studies: Issues and Recommendations. Trends Microbiol. 2019 Feb;27(2):105–17.

48. Jovel J, Patterson J, Wang W, Hotte N, O’Keefe S, Mitchel T, et al. Characterization of the Gut 
Microbiome Using 16S or Shotgun Metagenomics. Front Microbiol. Frontiers; 2016;7(e1002358):459.

49. Whittaker RH. Evolution and Measurement of Species Diversity. Taxon. 1972 May;21(2/3):213.
50. Ley RE, Bäckhed F, Turnbaugh P, Lozupone CA, Knight RD, Gordon JI. Obesity alters gut microbial 

ecology. Proc Natl Acad Sci USA. National Academy of Sciences; 2005 Aug 2;102(31):11070–5.
51. Eckburg PB, Bik EM, Bernstein CN, Purdom E, Dethlefsen L, Sargent M, et al. Diversity of the human 

intestinal microbial flora. Science. 2005 Jun 10;308(5728):1635–8.
52. Bik EM, Eckburg PB, Gill SR, Nelson KE, Purdom EA, Francois F, et al. Molecular analysis of the 

bacterial microbiota in the human stomach. Proc Natl Acad Sci USA. 2006 Jan 17;103(3):732–7.
53. Hugenholtz F, de Vos WM. Mouse models for human intestinal microbiota research: a critical 

evaluation. Cell Mol Life Sci. Springer International Publishing; 2018 Jan;75(1):149–60.
54. Wos-Oxley M, Bleich A, Oxley APA, Kahl S, Janus LM, Smoczek A, et al. Comparative evaluation 

of establishing a human gut microbial community within rodent models. Gut Microbes. Taylor & 
Francis; 2012 May;3(3):234–49.

55. Lamendella R, Domingo JWS, Ghosh S, Martinson J, Oerther DB. Comparative fecal metagenomics 
unveils unique functional capacity of the swine gut. BMC Microbiol. BioMed Central; 2011 May 
15;11(1):103.

56. Qin J, Li R, Raes J, Arumugam M, Burgdorf KS, Manichanh C, et al. A human gut microbial gene 
catalogue established by metagenomic sequencing. Nature. Nature Publishing Group; 2010 Mar 
4;464(7285):59–65.

57. Potgieter M, Bester J, Kell DB, Pretorius E. The dormant blood microbiome in chronic, inflammatory 
diseases. Danchin PA, editor. FEMS Microbiol Rev. 2015 Jul;39(4):567–91.

58. Wolfe AJ, Toh E, Shibata N, Rong R, Kenton K, Fitzgerald M, et al. Evidence of uncultivated bacteria 
in the adult female bladder. J Clin Microbiol. American Society for Microbiology Journals; 2012 
Apr;50(4):1376–83.

59. Sato J, Kanazawa A, Ikeda F, Yoshihara T, Goto H, Abe H, et al. Gut dysbiosis and detection of “live gut 
bacteria” in blood of Japanese patients with type 2 diabetes. Diabetes Care. 2014 Aug;37(8):2343–50.

60. Amar J, Serino M, Lange C, Chabo C, Iacovoni J, Mondot S, et al. Involvement of tissue bacteria 
in the onset of diabetes in humans: evidence for a concept. Diabetologia. Springer-Verlag; 2011 
Dec;54(12):3055–61.

Jasper_Proefschrift.indd   76Jasper_Proefschrift.indd   76 27/01/2020   14:27:5527/01/2020   14:27:55



77

Microbiome Research: A Primer for the Interested Surgeon

61. Amar J, Lange C, Payros G, Garret C, Chabo C, Lantieri O, et al. Blood microbiota dysbiosis is associated 
with the onset of cardiovascular events in a large general population: the D.E.S.I.R. study. Bayer A, 
editor. PLoS ONE. 2013;8(1):e54461.

62. Thwaites GE, Gant V. Are bloodstream leukocytes Trojan Horses for the metastasis of Staphylococcus 
aureus? Nat Rev Microbiol. Nature Publishing Group; 2011 Mar;9(3):215–22.

63. Branton WG, Ellestad KK, Maingat F, Wheatley BM, Rud E, Warren RL, et al. Brain microbial 
populations in HIV/AIDS: α-proteobacteria predominate independent of host immune status. Bisser 
S, editor. PLoS ONE. Public Library of Science; 2013;8(1):e54673.

64. Influence of diet on the gut microbiome and implications for human health. J Transl Med. 4 ed. 2017 
Apr 8;15(1):73.

4

Jasper_Proefschrift.indd   77Jasper_Proefschrift.indd   77 27/01/2020   14:27:5527/01/2020   14:27:55



M E S S E N G E R 
RIBONUCLEIC ACID

mRNA is the single-stranded 
transcript of double-stranded DNA. 
It functions to convert the genetic 
information of DNA to proteins, 
the building blocks of all cells 
in the human body. Therefore, 
mRNA is the fundamental 
component of gene expression 
and can be used to evaluate 
the (short term) effects of 
interventions (e.g. drugs).
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