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Abstract 
The gut microbiota has a crucial function in human health. A disbalance in the microbiota composition 
can lead to a variety of diseases, including inflammatory bowel disease, neurodevelopmental 
disorders, and cancer. Therefore, it is important to study and identify the gut microbiota. In the past, 
the gut bacterial microbiota was studied using culture-based techniques. However, due to suboptimal 
methods and protocols, many bacteria were thought to be unculturable. Currently, new efforts to 
optimize culture-based techniques allowed the high-throughput cultivation of various previously 
uncultivated gut bacteria. This approach is called culturomics. The workflow of culturomics can roughly 
be divided into three steps: sample collection, culture, and bacteria identification. Here, we describe 
the recent advances and considerations in these culturomics processes, including sampling and 
preservation methods, the design of culture medium, and data collection and storage. Although there 
are many successful efforts in culturomics, there are still various aspects that need to be explored in 
the future. Further optimizing the culturomics protocol could potentially lead to the isolation and 
identification of novel, clinically relevant, bacterial species.  
 

Lay summary 
The human gut not only consists of human cells, but also of many different bacteria. These bacteria 
are very important for health, as an imbalance in gut bacteria can lead to various diseases, such as 
inflammatory bowel disease and cancer. Therefore, it is important to study these gut bacteria. In the 
past, gut bacteria were studied by isolating them from humans and growing them in the laboratory. 
This process is called ‘cultivation’, and it allows researchers to perform experiments on the gut 
bacteria. Unfortunately, a lot of bacteria could not be cultivated, because the available methods and 
techniques were not capable enough. However, recent research has successfully improved these 
methods, so that many more gut bacteria could be cultured. In this report, we describe the latest 
improvements and concerns in the different steps of gut bacterial cultivation. These steps include the 
collection of bacteria from a persons gut, the culture of these bacteria in the laboratory, and puzzling 
out which types of bacteria were actually cultured. With this information, we hope to further improve 
the process of bacterial culture, so that more bacteria can be grown in the laboratory. This will help in 
discovering which bacteria contribute to disease development, how they do so, and what we can do 
to prevent this.  
  



Introduction 
The human gastrointestinal tract is an important habitat for numerous microbes, including bacteria, 
fungi, archaea and viruses1. This collection of microbes is called the ‘gut microbiota’, and has a variety 
of functions, including the metabolism of nutrients and drugs, the modulation of the immune system,  
the maintenance of the gut integrity, and the protection against pathogen colonization1. A disbalance 
in the microbiota composition is strongly associated with several disorders, such as inflammatory 
bowel disease, diabetes, allergies and neurodevelopmental disorders2. The gut microbiota is thus 
crucial for human health, and the identification and study of the microbes residing in the 
gastrointestinal tract is therefore of great importance. Unfortunately, studying the functional and 
behavioral characteristics of the gut microbiota remains a major challenge.   

The gut microbiota, and in particular the bacterial gut microbiota, was traditionally studied 
with culture-based techniques. However, only a small fraction of the gut bacteria could be cultured 
with the available techniques, leaving many gut bacteria labeled as ‘unculturable’. There are two major 
reasons for this unculturability of gut bacteria. Firstly, many gut bacteria require an anaerobic 
atmosphere for proper growth and survival, and due to inconvenient methods, a large part of the 
bacteria did not survive the traditional process of cultivation. Secondly, the diversity of bacterial strains 
in the gut drives the need for a diversity in growth conditions, which complicated the culture of the 
entire gut bacterial microbiota. These convolutions in bacterial culture led to a paradigm shift from 
culture-based techniques towards the use of culture-independent techniques, among which 16s rRNA 
sequencing and high throughput metagenomic sequencing (metagenomics) are currently the most 
well-established techniques3. 16s rRNA sequencing and metagenomics allowed for a more rapid and 
high quality identification of gut bacteria, and further revealed the hidden and complex composition 
of the gut microbiota4. Yet, these sequence-based techniques have multiple downsides. Firstly, 
sequence-based methods have a relatively high detection threshold. Therefore, these techniques 
mainly capture the most abundant microbes within a sample, whilst minority populations, which may 
significantly affect human health, are missed5,6. This phenomenon is known as ‘depth bias’5,6. Secondly, 
sequence-based techniques show discrepancies in sequencing data between different sequencing 
centra, which is probably due to differences and errors in library preparations, DNA extraction methods 
and computational methods7. Thirdly, sequence-based techniques can only identify bacteria on the 
level of genotyping, whilst culture-based techniques are required to characterize bacteria on the level 
of physiology and pathophysiology8,9. Therefore, the culture-independent paradigm is currently 
partially shifting back towards the culture-based paradigm, with ‘culturomics’ as a new approach5,10.  

Culturomics is the high-throughput isolation, culture and characterization of the bacterial 
microbiota, which allows the assessment of etiological and molecular microbial mechanisms10. This 
new approach required the optimization of traditional culture conditions, and underwent a major 
breakthrough after implementation of matrix-assisted laser desorption ionization time-of-flight mass 
spectrometry (MALDI-TOF MS), which is an accurate, rapid, and cost-effective method to identify 
bacteria11. Strikingly, several studies show that culturomics and metagenomics identify different 
bacterial species. For example, Lagier et al. showed that within stool samples, only 15% of the 
identified bacterial species overlap between the two techniques5. A few years later, Lagier et al. 
showed that culturomics identified potentially new bacterial species that were undetected by a 
metagenomics approach12. Thus, culturomics complements metagenomics12,13. Overall, culturomics is 
a promising technique that potentially renders the label of ‘unculturable bacterium’ to be inaccurate.  

The process of culturomics can be roughly divided into three steps (Figure 1). Firstly, bacterial 
samples are collected from either healthy individuals or specific individuals of interest. To get a 
representation of the gut microbiota composition, samples are often obtained from the feces14. In 
order to properly culture the gut microbiota, the viability and diversity of the microbiota should be 
minimally affected by the sampling and pre-processing methods. Second is the actual cultivation step, 
in which samples are divided into various culture conditions. These culture conditions have different 
physio-chemical properties or have specific nutritional supplements, to allow the growth of particular 
species5,15. In the final step, bacterial species are identified using the MALDI-TOF MS or 16s rRNA 



sequencing approach15. The identified bacteria are formally described and the data have to be properly 
stored. 

During the whole workflow of this cultivation-based approach, systematic biases and 
inadequacies can occur, making culturomics less optimal. Moreover, there are still many bacteria that 
have not yet been cultured, despite the emergence of culturomics. In fact, it has recently been 
estimated that approximately 1900 bacterial species of the human gut microbiota are still 
uncultivated16. Finally, culturomics remains a time-consuming and labor intensive method. Many 
efforts have been made to overcome these difficulties and issues, in order to properly cultivate the 
‘unculturable’ bacteria. In this review, we will discuss the latest improvements and optimization steps 
of bacterial culturomics. We chose to hereby focus on the entire workflow of culturomics, since the 
success of culturing uncultivated bacterial species is not only dependent on the actual cultivation step, 
but also on preceding and subsequent steps. Furthermore, we discuss some challenges, 
considerations, and research gaps in culturomics studies.  
 

1. Sample collection 

1.1 sampling  
The first important step in understanding the gut microbiota and its composition, is to consider a 
sampling method that obtains the most representative sample of the actual microbiota. There are 
various sampling methods used for the collection of the gut microbiota17. The most widely used 
method is fecal sampling, for fecal samples can be obtained in a non-invasive and convenient 
manner17. However, fecal samples are enriched for bacterial species that reside in the terminal colon, 
and hence the bacterial species of the upper gastrointestinal tract and small intestines are 
underrepresented or not even present in the feces. In addition, the microbes of the upper 
gastrointestinal tract that are found in the feces are mixed with bacteria originating from other parts 
of the gut. This makes it hard to trace back the exact gastrointestinal location of fecal derived 
bacteria17,18. Finally, the bacteria found in feces are predominantly representative for gut bacteria that 
reside in the gut lumen and only sparsely for mucosa-associated gut bacteria17,19,20. Thus, for the 
precise description of the gut microbiota, fecal sampling is suboptimal. Besides the use of stool 
samples, samples can be obtained by using several other methods, including endoscopic sampling of 
the terminal ileum, mucosal biopsies, luminal brushing, laser capture microdissection and catheter 
aspiration17. These sampling methods give a more accurate description of the gut microbiota 

Figure 1: general overview of the culturomics workflow. First, samples are collected from individuals of interest. 

Then, the samples are cultured using a variety of culture conditions. Finally, bacterial colonies are identified using 

matrix-assisted laser desorption ionization time-of-flight mass spectrometry or 16s rRNA sequencing. In this 

report, advances and considerations in these individual steps are discussed. Figure is created in BioRender.  

Culturomics workflow 



compared to fecal sampling, and have the advantage that the exact site of sampling is known17. 
Nevertheless, these methods are invasive, cause discomfort and have an inevitable chance of 
contamination17. From an ethical point of view, it is therefore debatable to use these methods in 
healthy individuals. Recently, an ingestible self-activating microdevice was developed to collect 
luminal and mucosa-associated bacteria from the upper gastrointestinal tract21. This technique is very 
promising for site-specific and non-invasive microsampling, but it is still far from optimal21. Future 
research is needed to address the safety of this sampling method in humans, and to demonstrate the 
viability and cultivability of the samples21. Altogether, there is a need for the further development of 
sampling methods that are both accurate and non-invasive, and until then, fecal sampling will remain 
the standard for gut microbiota research. Therefore, in the remainder of this chapter we will focus on 
fecal sampling. However, it is important to keep the shortcomings of fecal sampling in mind.  
 Besides the sampling method, it is also important to consider which study participants to 
include for sampling. Low abundance of bacterial species in participants and their feces is one of the 
reasons some bacteria are missed in culture22. There are a lot of different factors that affect the 
composition and the diversity of the human gut microbiota, including ethnicity, age, and diet23. 
Metagenomics data shows that uncultivated and novel bacterial species are most abundant in rural 
populations from non-Western countries16,24. Thus, using a wide range of individuals with different 
backgrounds and lifestyles, for example those from non-Western countries, might result in the 
cultivation of novel bacteria. In addition, computational methods might be a novel approach to link 
metagenomics data of uncultivated bacterial species to different outcomes, such as age and diet. This 
data can then be used to predict the specific study participants that are potentially needed to cultivate 
uncultured bacterial species16.  
 

Subsampling 
There is a great variation in the distribution of gut bacteria within individual fecal samples. Local 
bacterial concentrations vary from 1011 bacteria/mL to concentrations that are undetectable25,26. 
Moreover, the amount of different bacterial taxa varies between the inside and the exterior of the 
feces. For example, the exterior surface has a lower concentration of Firmucutes and Bifidobacteria  
spp. compared to the inside region27. Thus, random subsampling from different spatial locations can 
hugely impact the composition and diversity captured by bacterial culture, and might therefore result 
in the misinterpretation of the microbiota profile28,29. Even though the impact of random subsampling 
on microbiota profiling is very high, many culturomics studies do not mention which fecal regions were 
used for culture (Supplementary Table 1). Therefore, a more detailed description of (sub)sampling 
regions by the authors will allow other researchers to better interpretate data and compare 
culturomics data between different experiments.  

To overcome bacterial differences in spatial locations, homogenization of the feces prior to the 
culture might be beneficial. On the contrary, the bacterial differences in spatial locations might actually 
be useful to specifically culture bacterial taxa. For example, the surface of feces is likely to be in closer 
contact with the intestinal mucosa, and subsampling of this region might therefore yield more mucosa-
related gut bacteria29. To implement this approach in practice, more research on possible correlations 
between bacterial compositions in fecal regions and original residence in the gastrointestinal tract 
would be important.  
 

1.2 Sample handling  

Sample preservation 
The time between sample collection and culture should ideally be minimal. However, it is not always 
possible to start the bacterial culture of fresh stool samples directly after sampling, since sample 
collection often takes place outside the lab, for example in the participants’ home17. In these cases, 
the fecal samples need to be stored, until further processing can take place. For the storage of feces, 
there are a several of options, including freezing in -20°C and -80°C or storage in preservations30,31. 
Freezing in -80°C is currently the most well-established method for the storage of feces32. Fouhy et al. 



found no differences in the presence of culturable bacterial populations of fecal samples that were 
either fresh or stored in -80°C33. Moreover, rapid freezing on dry ice prior to -80°C storage did not 
significantly affect the culture bacterial population33. This finding is surprising, as one might expect 
that rapid freezing reduces ice crystal formation, which would be beneficial for the viability and 
cultivability of bacteria33. However, it is noteworthy that the study screened a predefined subset of 
bacteria, so there is a need to validate the findings in a wider range of bacteria33. Direct freezing of the 
feces is not always feasible. However, keeping fecal samples at room temperature or body 
temperature (37 °C), especially if the time between sampling and processing exceeds 24 hours, results 
in the extinction of anaerobes and the proliferation of aerobic and facultative anaerobic bacterial 
species, compared to immediate culturing34. Short-term storage at 4°C when processing is not earlier 
than 24 hours is therefore recommended34,35.  
 Many studies on the storage of fecal samples use DNA analysis and bacterial abundance as 
outcome. However, for culture purposes, it is more important to include viability as outcome measure. 
Studies on fecal storage in the context of fecal microbiota transplantations, in which viability is 
important as well, may therefore provide helpful information36. In this clinical context, feces is often 
stored using cryopreservation or lyophilization. Since freezing might affect the viability of the gut 
bacteria, the use of cryoprotectants during the freezing of feces might be beneficial for fecal 
storage34,36–39. For example, maltodextrin, trehalose, and skimmed milk maintain bacterial viability 
(Table 1)34,37–39. Bircher et al. suggested that the effect of cryoprotectants is species-specific39. The 
currently performed culturomics studies notably used either fresh stool samples or cryopreserved 
feces samples (-80°C) without mentioning the use of cryoprotectants (Supplementary Table 1). Further 
research is needed to show the effect and importance of different cryoprotectants on cultivation. 
Besides cryoprotectants, anti-oxidants are also important for the preservation of feces, as will be 
discussed in the following section.  
 
Table 1: cryoprotectants and anti-oxidants used for fecal storage in clinical context 

 

 

Oxygen atmosphere   
Fecal exposure to oxygen has an enormous impact on the viability of the gut bacteria40. Only two hours 
of oxygen exposure to the fecal sample results in a 50% reduction of the number of cultured bacteria40. 
The oxygen sensitivity of many gut bacteria are related to the human physiology: the oxygen 
concentration in the gut varies from 100 mm Hg in the submucosa to a concentration of less than 0.01 
mm Hg in the gut lumen41. In line with this, a relatively high concentration of aerobe and 
microaerophilic microbes is found in the mucosa, whilst a high concentration of anaerobes is found in 
the gut lumen41. In total, the number of anaerobic bacteria in the human gut substantially surpasses 
the number of aerobes40. However, a substantial part of the anaerobe bacteria residing in the feces 
are dead or injured, and consequently remain uncultivated42. Oxygen exposure is thought to be the 
cause for this high bacterial death42. The genomes of yet uncultivated bacteria have less genes 

Article Freezing 
procedure 

Cryoprotectants Anti-oxidants Outcome 

A new protectant medium 
preserving bacterial viability 

after freeze drying 
(Bellali et al., 2020)37 

lyophilization Mixture of sucrose, 
trehalose and 
skimmed milk 

 

Mixture of ascorbic 
acid, uric acid and 

glutathione 

The mixture of cryoprotectants 
and anti-oxidants is favorable 

for maintaining bacterial 
viability. 

A Guide for Ex Vivo Handling 
and Storage of Stool Samples 
Intended for Fecal Microbiota 

Transplantation 
(Burz et al., 2019)34 

Cryopreservation 
and lyophilization 

Mixture of 
maltodextrin and 
trehalose (in the 

ratios 3:1 and 1:3) 

Mixture of ascorbic 
acid and cysteine 

Maltodextrin and trehalose in 
a ratio of 1:3 is most favorable 
for maintaining the bacterial 

composition. 

Successful Resolution of 
Recurrent Clostridium difficile 
Infection using Freeze-Dried, 

Encapsulated Fecal Microbiota; 
Pragmatic Cohort Study 

(Staley et al., 2017)38 

lyophilization Sucrose, skim milk, 
trehalose, 

mannitol, or a 
mixture of these 

 

None Trehalose is most favorable for 
maintaining bacterial viability. 



associated with redox and antioxidation processes in comparison to cultivated bacteria, indicating that 
the ‘unculturability’ of some bacterial species might indeed be affected by fecal exposure to 
oxygen16,24. Therefore, it is important to regulate the oxygen exposure during the workflow of 
culturomics.  
 Indeed, sample collection and pre-processing in an anaerobic atmosphere increases the 
culturability of gut bacteria40. However, due to practical reasons, it can be difficult to maintain a 
complete anaerobic environment throughout the first steps of culturomics. One solution for this, is to 
add antioxidants to the feces before storing the samples (Table 1). This increases the culturability of 
gut bacteria up to 67%34,37,40. Limiting the time between fecal sampling and bacterial culture is another 
approach to decrease oxygen exposure32. Still, there is a special need for oxygen-free storage and 
culture conditions. For this purpose, GutAlive was developed, which is a stool collection kit that 
minimizes the oxygen exposure to gut bacteria32. GutAlive can store stool samples at room 
temperature for more than 24 hours with limited reduction of the viability and diversity of anaerobic 
bacteria32. Other efforts for keeping an anaerobic atmosphere focus on culture medium, and will be 
discussed in chapter 2. A summary of considerations during the sample collection step of culturomics 
is shown in Figure 2.   
 

2. Culture: media design 
The actual culture step in the culturomics workflow conventionally involves the extraction of microbial 
communities from feces and the subsequent cultivation on agar plates. However, fast-growing bacteria 
often occupy the majority of the culture plate, leaving less space for slow-growing species43. Indeed, 
many of the yet uncultivated bacterial species are relatively slow-growing microbes44. Moreover, some 
bacteria have complex growth requirements or nutritional preferences43. There are several approaches 
to overcome these problems, which will be discussed in this and the following chapter. In this chapter, 
we will discuss the different compounds that can inhibit or promote the growth of bacteria (Figure 3). 
In chapter 3 we will discuss other factors and techniques that affect the diversity and composition of 
bacterial culture.  
 

Figure 2: summary of considerations during the sample collection step of culturomics  



2.1 Inhibition of fast-growing bacteria 

Antibiotics  
Various antibiotics have been used and tested to suppress the growth of highly abundant bacterial 
species5,45,46. For example, erythromycin, sulfamethoxazole, and ciprofloxacin provided the growth of 
rare and previously uncultured bacterial species by inhibiting the growth of other bacterial species45. 
Different antibiotics target either Gram-negative or Gram-positive bacteria. For example, the 
commonly used antibiotics colimycin and kanamycin inhibit the growth of Gram-negative bacteria, 
whilst vancomycin inhibits the growth of Gram-positive bacteria5. Combining multiple antibiotics with 
different target specificities may contribute to the improvement of selective culture media47. 
Antibiotics that are often used in high-throughput culturomics studies are listed in Supplementary 
Table 1. The use of antibiotics is notably hampered by the antibiotic resistance of certain gut bacteria. 
For example, Bacteroidetes, which are very abundant in the human gut, are relatively highly tolerant 
for antibiotics45. Thus, novel antibiotics or other medium supplements are needed to selectively inhibit 
the growth of these bacteria. In contrast, antibiotic resistance can also be utilized for the targeted 
culture of yet uncultured bacterial species. Using this approach, Versluis et al. cultured bacteria in 
media containing multiple antibiotics to isolate antibiotic resistance species48. As a result, the novel 
strain Sellimonas intestinalis, which was resistant to the antibiotics imipenem and metrodinazole, was 
isolated48. Several machine-learning software tools are developed to predict antibiotic resistance 
based on whole genome sequencing data49–52. This information can be used to specifically target 
antibiotic resistant bacterial species, or to supplement the culture medium with other bactericidal 
compounds, such as enzyme inhibitors or bacteriophages (described below).  
 

Enzyme inhibitors 
CHIR-090 is an inhibitor of the enzyme UDP-3-O-(R-3-hydroxymyristoyl)-N-acetylglucosamine 
deacetylase (LpxC), which has a role in the biosynthesis of lipopolysaccharide53. Inhibition of LpxC 
suppresses the growth of numerous Gram-negative bacteria, amongst which the fast-growing 
Escherichia coli54. As a result, supplementation of culture medium with CHIR-090 allows the growth of 
slow growing species, and thus increases the bacterial diversity of microbiota isolates obtained from 
fecal samples54. Although CHIR-090 is the most potent LpxC inhibitor, there are more LpxC inhibitors 
available, that also have antibacterial properties (Table 2)53. The compounds listed in Table 2 are mainly 
tested on pathogens, so future research on the use of LpxC inhibitors on gut commensals would be of 
interest. Combining multiple LpxC inhibitors may help to inhibit a great amount of fast-growing Gram-
negative bacteria. In contrast, choosing one inhibitor might inhibit a more narrow range of bacteria, 
so that potential bacteria of interest are not affected by the treatment.  
 
Table 2: LpxC inhibitors and their targets (based on Kalinin & Holl, 2016)53 

 
LpxC inhibitor Compounds Targets 

Sulfonamides BB-78485 
BB-78484 

Gram-negative bacteria, including Enterobacteriaceae sp., Serratia marcescens, 
Morganella morganii, Haemophilus influenzae, Moraxella  
catarrhalis and Burkholderia cepacia. Not active against Pseudomonas 
aeruginosa 

Aryloxazolines L-573,655 
L-161,240 
L-159,692 

Gram-negative bacteria, including E. coli, Enterobacter cloacae and Klebsiella 
pneumoniae. Not active against Pseudomonas aeruginosa and Serratia 
marcescen 

N-aroyl-L-threonine 
hydroxamic acids 

CHIR-090 
LPC-009 
ACHN-975 

Gram-negative bacteria, including E. coli, P. aeruginosa, Aquifex aeolicus 
Neisseria meningitidis, Helicobacter pylori, and Yersinia enterocolitica 

Sulfone-containing 
compounds 

LpxC-2 
LpxC-3 
LpxC-4 

Gram-negative bacteria, including Klebsiella pneumonia, Escherichia coli, 
Enterobacter aerogenes and Citrobacter freundii 

 



Bacteriophages  
Bacteriophages are viruses that can infect and kill bacteria. In contrast to most antibiotics, 
bacteriophages are very specific. This specificity enables the bacteriophages to kill bacterial species 
with great precision, scarcely affecting species of interest55. Although most literature on 
bacteriophages focusses on therapeutic and clinical applications, bacteriophages can also be used in 
microbiota culture5,55. For example, Sillankorva et al. used phages to successfully kill E. coli strains 
obtained from the urothelium. In this study, the three lytic phages T1, T4 and phiX174 were tested, of 
which T1 was the most effective56. Lagier et al. used a mixture of T1 and T4 bacteriophages on 
microbiota samples derived from feces5. They successfully eliminated E. coli from the culture plate, 
resulting in the discovery of the novel species Enterobacter massiliensis5. Thus, bacteriophages are a 
promising method for the cultivation of yet uncultivated bacterial species. Future experiments are 
needed to test other phages, for example the ones that are currently described for therapeutical 
applications, in the context of culturomics. A putative phage would be VA-7, which targets Bacteroides 
fragilis, a major component of the gut microbiota57,58.  
 

2.2 Promotion of bacterial growth 

General culture media 
The high-throughput culturomics studies use numerous culture and media conditions for the growth 
of novel gut bacteria. For example, the group of Raoult (Aix-Marseille Université) tested over 200 
culture conditions and successfully cultivated numerous previously uncultured gut bacteria. A major 
drawback for this approach is that many laboratories lack the capacity and means to generate this 
amount of culture conditions. Therefore, a list of 16 culture conditions was composed, that captured 
98% of the total number of previously isolated gut bacteria59. These 16 culture conditions are based 
on six different media (Table 3), and additionally vary in blood culture preincubation, rumen fluid 
supplementation and active filtration, amongst other things (see sections below).  
 
Table 3: overview of the growth media used in the top 16 most successful culture conditions (based on Diakite, 
2020)59.  

 
Medium Main components 

 

R-medium Casein hydrlysate, proteose peptone, ascorbic acid, glutathione, uric acid, haemin, ketoglutarate  

CNA agar medium Agar, colistin, nalidixic acid, sodium chloride, pancreatic digest of casein, peptic digest of animal 
tissue, yeast extract, beef extract, corn starch 

Christensenella broth medium Meat filtrate, casitone, yeast extract, sodium carbonate, D-glucose, maltose, cellobiose 

Marine broth Sodium chloride, magnesium chloride, calcium chloride, peptone, yeast extract 

YCFA broth Casitone, hemin, vitamin mix, resazurin, L-Cysteine, sodium bicarbonate, Yeast extract, volatile 
fatty acid solution 

Sheep blood broth  Sheep blood 

 

Antioxidants and vitamins  
Antioxidants are used in culture medium to neutralize free radicals, so that anaerobic bacterial growth 
and viability are maintained. Indeed, the antioxidants glutathione, ascorbic acid (vitamin C), and uric 
acid allow the growth of strictly anaerobic bacteria in an aerobic environment60,61. Furthermore, 
medium supplementation with these antioxidants can be used to increase the viability of bacteria after 
freeze-drying (Table 1)37. Besides the beforementioned antioxidants, cysteine and riboflavin (vitamin 
B) promote the survival of the beneficial anaerobic bacteria Faecalibacterium prausnitzii under aerobic 
conditions62. Other antioxidants that might be beneficial for medium supplementation include folate, 
anthocyanin, carotenoids, glucosinolate, lipoic acid, ubiquinol and a-tocopherol (vitamin E).  

Medium supplementation with vitamins affects the diversity of the bacterial composition63. 
For example, the vitamins B2, E, and B2 in combination with C, increases the number of Actinobacteria, 
firmicutes and Verrucomicrobia, whilst these same vitamins decreases the number of Bacteroidetes63. 
When adding vitamin C (abcorbic acid) to the culture medium, it has to be considered that vitamin C 



decreases the pH of the culture medium, thereby promoting the growth of acidophiles and inhibiting 
the growth of alkaliphiles63. Vitamin K (menaquinone), a component of the anaerobic respiratory chain, 
was identified as a universal growth factor for gut bacteria64. Therefore, adding menaquinone to 
culture media is beneficial to promote the growth of bacteria64. In various studies, menaquinone is 
indeed added to the culture medium to optimize culturomics and identify novel species65,66. Yet, the 
exact effect of menaquinone supplementation on gut bacteria cultures (e.g. diversity, composition) 
remains to be researched.  
 

Specific nutrients 
A very recent study of Gu et al. showed that different nutrients in different concentrations affect the 
diversity and composition of a bacterial community in vitro67. More specifically, beef powder positively 
affects the presence of Alistipes, Proteus, Bacillus, Phyllobacterium, Bacteroides, and Enterococcus67. 
Yeast extract powder and peptone positively promote the presence of Clostridium sensu stricto 7, 
Brevundimonas, Sporosarcina, Parabacteroides and Muribaculum67.  

Another nutrient that might be important for gut microbiota culture is mucin. Mucins are 
proteins that are produced by human epithelial cells and reside in the outer mucus layer of the large 
intestine. Mucins have O-glycans attached to their amino acid backbone, which serve as a nutrient 
source for intestine bacteria. Therefore, supplementation of the culture medium with mucins or O-
glycans may enhance the viability and selection of certain bacterial species. Indeed, mucin stimulates 
the growth of Akkermansia muciniphila, a hard-to-culture but clinically relevant bacteria68. 
Furthermore, the growth of previously uncultivated members of the phylum Synergistetes, was 
stimulated by mucin in oral samples22. Synergistetes are also present in the gut, and some of its genera 
are on the ‘most-wanted taxa’ list of yet-to-be-cultured bacteria69. Therefore, mucin supplementation 
might positively affect the growth of uncultered intestinal Synergistetes bacteria70.   

An additional component that is able to increase the growth of bacteria is the neurotransmitter 
γ-aminobutyric acid (GABA)71. For example, the growth of the hard-to-culture KLE1738 bacterium is 
promoted when adding GABA to the culture medium71. GABA supplementation and the use of other 
neurotransmitters on other bacterial species remains to be studied, but might be useful to identify 
novel low-abundant bacterial species.  
 It is clear that different nutrients promote the cultivation of different bacteria. One 
consideration in the supplementation of specific nutrients to the culture medium is that there are 
some specific nutrients that not only promote the growth of bacterial species, but also  inhibit the 
growth of (other) gut bacteria. For example, some bacterial species require short chain fatty acids, 
such as butyrate and propionate, and aromatic amino acids, whilst multiple other gut bacteria prefer 
the absence of short chain fatty acids72. The inhibitory effect of short chain fatty acids on some species 
is probably due to a decrease in pH or the accumulation of toxic intermediates during its 
metabolism72,73. Another example of nutrients with contrasting effects are polyphenols74. Many 
polyphenols promote the growth of Lactobacillus and Bifidobacteria, whilst inhibiting the growth of 
Escherichia coli and Enterococcus caccae, amongst others74.  
 

Other factors that affect bacterial growth 
Blood is a commonly used substant of culture medium47. Blood contains many growth stimulating 
supplements, such as vitamins, lipids and minerals. In agreement with this, Gu et al. al showed that 
defibrinated sheep blood increases the diversity of a the cultured gut microbiota67. Pre-incubation of 
feces in blood culture bottles promotes the enrichment of the fecal samples5. In fact, from the 
previously mentioned list of 16 optimal culture media that was defined by Diakite et al., 8 involve a 
pre-incubation step with blood5. Nevertheless, high concentrations of blood in culture medium might 
be harmful for bacterial growth. For example, excessive concentrations of heme, which is a component 
of blood, inhibits the growth of some bacterial species75. Besides blood, rumen fluid is also used as 
culture medium supplement, because it mimics the natural environment of gut bacteria. The addition 
of rumen fluid allowed the isolation of novel bacterial genera and species5. Consequently, blood and 



rumen fluid are used in almost all currently performed high-throughput culturomics studies 
(Supplementary Table 1). Finally, there are some inhibitors of Gram positive and Gram negative 
bacteria, that indirectly promote the growth of Gram negative and Gram positive bacteria respectively 
(Table 4).  

During culturing, the concentration of nutrients and other elements decreases because the 
nutrients are consumed by the bacteria. Therefore, regularly supplementing old medium with fresh 
media yields 22% more bacteria species, compared to cultures that are not supplemented with fresh 
medium14. Despite this, some bacterial species are only isolated from non-supplemented culture, 
indicating that culturing with and without fresh medium supplementation are complementary14. A 
summary of chapter 2 is depicted in Figure 3.  

 
Table 4: compounds added to culture medium to inhibit or promote the growth of bacteria. Based on Chapin & 
Lauderdale, 201576 and Bonnet et al., 202047.  

 
 

  

Action Compound 

Inhibition Gram positive 
bacteria 

Deoxycholic acids 
Bile salts 
Potassium tellurite 
Lauryl sulphates 
Tergitol 7 
d-cycloserine 
Dyes: methylene blue, eosin, 
crystal violet, ethyl violet 

Inhibition Gram negative 
bacteria 

Ox gall 
Tergitol 7 
d-cycloserine 
Lithium chloride 

General growth factor Purine and pyrimidine bases 
Amino acids 
Triglyceride, soy oil 

Figure 3: summary of medium supplements that can be used to inhibit fast-growing bacteria or to promote 

culture enrichment. Figure is created in BioRender.  



3. Culture: Tools & Techniques  

3.1 Environmental factors 

pH 
The pH of the atmosphere affects the growth of bacteria, and the pH for optimal growth varies 
between bacterial species14. For example, Gram-positive bacteria often prefer an acidic 
atmosphere77,78. Therefore, the pH of culture medium partially determines which bacteria types are 
cultivated14. Many gut bacteria produce and secrete organic acids and metabolites that may lower the 
pH of the culture media79. On the other hand, bacteria can consume metabolites and organic acids 
from the culture medium, thereby increasing the pH80. Thus, by changing the pH of the culture 
medium, bacteria themselves can inhibit or promote the growth of other bacteria79,80. Therefore, it is 
important to monitor and/or control the medium pH. Remarkably, in the high-throughput culturomics 
studies, little attention is paid to the effect of pH on the culturability of gut bacteria (Supplementary 
Table 1)5,12,81. For example, in the study from Lagier et al., 2012, pH was kept between 5-7, but nothing 
is mentioned on which pH values were most optimal for high-throughput use5. A study from Diakite et 
al., 2020 did not mention the pH at all, and a study from Ghimeiere et al., 2020 only mentioned that 
the pH was above 5.513,82. Only the study from Lagier et al., 2016 used media adjusted to a different 
pH, including a pH of 4, 4.5, 5, 5.5, 6 and 7.512. The pH of the human gastrointestinal tract gradually 
increases from the upper to the lower parts of the gastrointestinal tracts, varying from a pH of 3 in the 
duodenum, to a pH of 6.2-7.5 in the small intestine and a pH of 4.5-7.5 in the colon83. Regarding this 
range in pH, the role of pH in bacterial culture receives insufficient attention in current culturomics 
studies, and it is therefore important that future studies retain awareness to medium pH, in order to 
optimize the culturomics workflow.  
 

Temperature 
The temperature of the gastrointestinal tract is approximately 36-39°C, and most clinically relevant 
bacteria grow at temperatures ranging from 25°C to 45°C9. Temperature can be a critical factor in the 
culture of bacteria9. Therefore, it has to be taken into consideration that low abundant and/or hard-
to-culture bacteria might have an optimum temperature other than 37°C. Indeed, Lagier et al. used 
temperatures ranging from 4°C until 55°C5,12. In contrast, most other high throughput culturomics 
studies keep a temperature of 37°C (Supplementary Table 1).  
 

3.2 Other techniques 
Filtration 
Filtration is a technique that is used to eliminate the predominant bacterial population by decreasing 
bacterial load, and to detect low-abundant bacteria43. Filtration can be performed using either an 
active or passive approach43. In the active approach, fecal samples are placed on filters with a 
successive pore size ranging from 5 to 0.2 μm, inoculating the filtrate of every filter step in agar and 
blood5,43. Active filtration is especially convenient for small sized bacteria, such as the hard-to-culture 
Spirochaetes36,84. Passive filtration is based on the motility of bacteria. Cell culture insert companion 
plates with microfilters are used, of which one side of the filter is inoculated with the fecal sample, and 
the other side with sterile broth43. Colonies detected by this method can then be subcultured and 
identified43. In general, filtration is not commonly used in high throughput culturomics studies 
(Supplementary Table 1). Moreover, studies that use filtration often do not address the impact of 
filtration on the amount of novel bacterial species that were cultured. Only Lagier et al. mentioned the 
latter: two novel bacterial species were isolated using filtration5. Therefore, future research should 
point out the (cost and labor)  effectiveness of filtration.  
 



Time control  
Culturomics is a time consuming and labor intensive process. There are multiple ways to reduce the 
workload of culturomics. Firstly, the time-consuming task of colony picking can be improved. Chang et 
al. compared two techniques for colony picking: the ‘experienced picking’ and ‘picking all’ approach14. 
In the ‘picking all’ approach, all colonies on a plate are picked and subcultured, which is a 
comprehensive, but very time-consuming process. In the ‘experienced picking’ approach only a few 
colonies are picked, based on morphological similarity14. The ‘experienced picking’ method identifies 
8.5% less bacterial species than the ‘picking all’ method, but reduces the work load for 85%14. In the 
future, automatic colony picking that is coupled directly to MALDI-TOF MS, might be even more 
accurate and low time-consuming5. Furthermore, the development of dyes that allow colony 
differentiation would make ‘experienced picking’ more accurate and less time consuming. Currently, 
there are very few dyes that facilitate colony staining76. Gram staining is the most well-known bacterial 
staining. However, these stainings discriminate only at a general level, and there is a need for more 
specific dyes that stain bacteria based on more distinctive bacterial properties.  
 Another way to deal with time-consuming tasks is the control of sampling time-points. As 
mentioned in chapter 2, prolonged pre-incubation is beneficial for yielding more bacterial species. 
However, picking samples every hour or day to obtain the highest number of bacteria species is 
extremely time-consuming. Therefore, Chang et al. calculated an optimal sampling rate during pre-
incubation, and found that during a 30 day pre-incubation, sampling only at day 0, 3, 6, 9, 15, 27 and 
30 was enough to isolate 90% of the bacterial species that were found when sampling at day 0, 3, 6, 9, 
12, 15, 18, 21, 24, 27, and 3014. 
 

Colony density  
The number of colony forming units (CFU) on one plate significantly affects the diversity and 
composition of the bacterial community67. The highest diversity is obtained at a moderate density. At 
a moderate density bacteria cooperate with one another, so that growth is promoted67. In contrast, 
the distance between colonies is too large for cooperation at low densities, while at high colony 
densities the cooperation between bacteria changes into competition67. A moderate bacterial density 
was defined by Gu et al. as 51-150 CFU per plate (remarkably, plate size was not mentioned)67.  
 

Gelling agents 
For bacteria isolation, culture media is solidified through the addition of gelling agents47. The most 
conventional gelling agent that is used for this purpose is agar, which is also used in all the high-
throughput culturomics studies performed so far (Supplementary Table 1). However, agar has some 
drawbacks. For example, a high concentration of agar in the medium can reduce the size of bacterial 
colonies and inhibit the growth of some bacterial species47. In addition, chemical components in the 
culture medium can interfere with the agar. For example, when autoclaving agar with phosphate, 
reactive oxygen species are formed, which inhibit the growth of bacteria85. Thus, autoclaving agar and 
phosphate separately, is beneficial for the number of colony forming units85. Finally, some bacteria 
secrete agarase, which breaks down the agar86. Therefore, there is a need for new gelling agents. 
Although alternatives for agar are not extensively studied, Bonnet et al., listed examples of novel 
gelling agents, including carrageenan gums, sodium alginate, methoxyl pectins, and gellan gum47,86. 
The use of these gelling agents in culture medium might allow the growth novel bacterial species, that 
were previously uncultivated because of their inability to grow on agar47.  
 

Tools 
Several tools are being developed to isolate gut bacteria. First, tools are developed for the high-
throughput isolation of a diverse range of bacteria. To this extend, droplet based microfluidics devices 
were developed87,88. In this method, bacteria are encapsuled in droplets, which decreases competition 
between bacteria and consequently allows the growth of a wide range of (previously uncultivated) 



bacterial species87. Secondly, there are tools focused on mimicking the in vivo environment of bacteria 
in vitro. An important example of such a tool is the isolation chip (Ichip), which was originally developed 
for the culture of bacteria derived from soil and seawater samples. The Ichip device contains numerous 
micro diffusion chambers in which single bacteria, that are obtained by diluting the soil or seawater 
sample, are loaded. Then, the device is placed into soil or seawater, where the diffusion chambers 
allow the bacteria to have continuously access to growth factors derived from their original 
environment or from other bacteria present on the chip89. Ichip successfully mediated the growth of 
many previously uncultivated bacterial species89. The use of diffusion chambers is now incorporated 
in the workflow of gut microbial cultivation. By separating the diffusion chambers, an aerobic or 
anaerobic environment can be maintained in each chamber allowing the growth of host cells and gut 
bacteria respectively90. More advanced tools to mimic the natural environment of gut bacteria include 
gut microbiota-on-a-chip devices91–93. These devices consist of multiple compartments, in which 
human intestinal epithelial cells and vascular endothelial cells, and gut bacteria are cultured94. Often, 
these compartments are separated by porous membranes that are coated with mucus and extra 
cellular matrix94. Progress is still made to further optimize the gut microbiota-on-a-chip culture 
systems, by for example establishing oxygen gradients across the chip93. The on-chip culture systems 
are extremely useful for studying the physiological characteristics of bacteria and the interaction 
between bacteria and host cells. Furthermore, these culture systems can be used for drug testing. A 
summary of chapter 3.1-3.2 is depicted in Table 5.  
 
Table 5: summary of techniques and environmental factors that can be used to promote the diversity of bacterial 
samples, and suggestions for the optimization of these techniques.  

 
 Most practiced in high 

throughput culturomics studies 
 
Suggestions for optimization 

Environmental factors   

pH  Between 5-7 or not mentioned • Use pH range from 3-7.5 (based on human 
physiology) 

Temperature 37°  • Use temperature range from 4°C until 55°C 

Techniques   

Filtration Not commonly used • Examine the effect of filtration on the amount of 
isolated previously uncultivated species  

• Use filtration in practice 

Time-control Picking method not mentioned; 
various incubation time points  

• Use ‘experienced’ picking approach 

• Development of automatic colony picking 

• Limit the number of times of colony picking after 
pre-incubation 

• Development of differential dyes  

Colony density Not mentioned • Keep colony forming units per plate at a moderate 
density (51-150 CFU/plate) 

Gelling agents Agar • During agar preparation: autoclave agar and 
phosphate separately 

• Need for novel gelling agents  

Tools Droplet based microfluidics devices; 
on-chip culture systems 

 

 
 

3.3 Targeted cultivation 
The techniques and media conditions that are described in this report are focused on obtaining a highly 
diverse sample, so that it can be used to identify and cultivate many (novel) bacterial species  via 
untargeted high-throughput isolation. However, a diverse sample can also be used to specifically target 
a yet uncultivated bacterium, as will be shortly addressed in this section.   
 



Sporulated bacteria   
The majority of gut bacteria are able to form endospores, which are dormant and non-reproductive 
forms of bacteria that sporulate only under specific conditions95. These characteristics make 
endospores difficult to culture. Ethanol is a disinfectant which predominantly kills vegetative cells, but 
does not affect endospores96. Indeed, the pre-treatment of feces for 4h with ethanol yielded previously 
uncultivated spore-forming bacterial species95–97. Recently, it was discovered that ethanol not only 
selects for bacterial endospores, but also selects for some minority species that were not yet cultured 
by conventional culture methods, such as Ruminococcaceae and Lachnospiraceae species97. Another 
way to select for sporulated bacterial species is by performing a thermal shock. Lagier et al. heated 
stool samples to 65°C or 80°C for 20 or 30 minutes, respectively5,15. However, the effect of thermal 
shocks on the microbial diversity and cultivability was not mentioned. The germination and subsequent 
vegetative growth of endospores are induced by primary and secondary bile acids, such as 
taurocholate, glycocholate, deoxycholic acid, and cholate95,98. For several bacterial species, bile-acid 
induced germination is enhanced in by the co-supplementation of amino acids99.  
 

Media and nutrient prediction  
Numerous different media are used to cultivate bacteria. However, the optimal culture conditions 
between bacteria are very divergent, making it difficult and time-consuming to specify convenient 
culture media14. Oberhardt et al. designed a database that links the growth of bacterial species with 
specific culture media100. This database, called KOMODO (Known Media Database), contains the 
GROWREC (growth medium recommendation) platform, which predicts the growth medium for 
specific bacteria, based on an 16s rRNA gene sequence input100. Using this approach, the growth of 
Christensenella minuta, a clinical relevant bacteria that resides in the gastrointestinal tract, was 
increased101. Although this database is very promising and extensive, it is not specific for the gut 
microbiota, and further efforts are needed to make this database more accurate. Furthermore, this 
prediction method has yet to be validated for the cultivation of uncultured species100. An attempt to 
culture uncultivated bacteria via prediction methods was performed by Lugli et al., who used whole 
metagenome shotgun data of uncultured bacteria to asses their glycobiome and predict their 
nutritional requirements102. This method allowed the researchers to isolate two novel and hard-to-
culture bifidobacterial strains from animal feces102. A similar approach was used by Nayfach et al., who 
compared metagenome-assembled genomes and their functional annotation between cultivated and 
uncultivated bacteria16. The differences that were found were mainly in genes associated with the 
regulation of osmotic pressure and oxidative stress, which highlights the importance of oxygen 
regulation and electrolyte concentrations in the culture medium16. Yang et al. used genomic data to 
identify specific glycoside hydrolases in Bifidobacteria, and supplemented culture medium with the 
corresponding ligands of these enzymes, including raffinose and xylan, to successfully select for 
Bifidobacteria in fecal samples103. Finally, the software tool gapseq predicts metabolic pathways, based 
on genome and biochemistry data104. In addition, Gapseq can be used to predict metabolic interactions 
between bacterial species, such as cross-feeding, which is interesting when designing specific growth-
media104.   
 Besides the use of genomics data, culture experiments can predict growth factors or nutrient 
requirements. For example, Fenn et al. found that some bacteria, such as E. coli promote the growth 
of other bacterial species64. Using this information, a gene knockout library of E. coli was developed, 
and the genes and pathways that were important for the ‘growth promoting’ function of E. coli were 
determined64. Identification of these genes resulted in the discovery of the novel universal growth 
factor menaquinone. Future experiments with knockout libraries could help identify novel potential 
growth factors64.   
 

Cell-sorted targeted cultivation 
Genomic data can be used to engineer antibodies, to isolate specific bacterial species for cultivation105. 
This technique was introduced by Cross et al. as ‘reverse genomics’. During reverse genomics, bacteria 



that are bound by the antibody are sorted out using flow cytometry, of which the workflow recently 
has been optimized for anaerobic cell sorting106. The antibody-sorted bacteria were viable enough to 
propagate in culture, and were used to isolate uncultured bacteria105. Reverse genomics would be 
especially useful for bacterial species that are present in low abundance105. However, a downside of 
reverse genomics is the need and requirement of, sometimes unavailable, genomic data105.  
 Another approach for cell-sorted targeted cultivation is live-fluorescence in situ hybridization 
(FISH)107. During the standard FISH procedure, cells are fixed and permeabilized. Live-FISH is a variation 
of this standard protocol, in which centrifugation speeds are decreased and resuspension buffers are 
optimized amongst other things107. This allows the labeling of bacterial 16s rRNA with DNA probes in 
living cells. Hereafter, cells can be sorted using flow cytometry and cultured107. Unfortunately, the 
survival of cells when using live-FISH is still relatively low107. Therefore, further optimizing the live-FISH 
protocol might permit the culture of uncultivated low-abundant bacterial species107.  

4. Data analysis  

Data collection 
The identification of bacteria was conventionally performed using phenotypical and biochemical tests, 
which are time-consuming when processing large numbers of colonies. The emergence of MALDI-TOF 
mass spectrometry, which is an accurate, inexpensive, and rapid technique to identify bacterial 
colonies, was therefore a big advance for processing culturomics data4311. Moreover, MALDI-TOF MS 
allows the identification of morphologically indistinguishable bacteria, which are almost impossible to 
correctly identify with the traditional identification methods5. During the MALDI-TOF procedure, a 
bacterial colony is crystallized and ionized, after which the masses are measured in the mass 
spectrometer43. After obtaining the mass spectrum, the data is compared to a defined database 
consisting of numerous spectra, so that the bacteria can be identified on genus and species level43. The 
success of bacterial identification by MALDI-TOF is demonstrated by various research groups, as is 
reviewed in the article of Lagier et al., 201543. Currently, there are two major commercially available 
platforms for MALDI-TOF MS in which the user can add his own spectra: the Bruker BioTyper (Bruker 
Daltonics) and the VITEK-MS (bioMérieux). Both systems have a correct identification rate of above 
85%, but BioTyper is slightly more accurate in the identification of species that are not yet in the 
database108. Therefore, BioTyper might be a more convenient platform to use when aiming to identify 
novel bacterial species108.    

One drawback of MALDI-TOF is that a mass spectrum of a particular bacterial strain needs to 
be present in the MALDI-TOF database, in order to increase correct identification of the micro-
organism. If identification using MALDI-TOF MS is unsuccessful, bacteria need to be identified using 
16s rRNA sequencing, which is more expensive and time-consuming than MALDI-TOF MS109. In 
practice, rare bacterial species decreases the validity of MALDI-TOF MS identification43. Furthermore, 
there are still some challenges to differentiate certain bacterial genera or species43. Expansion of the 
MALDI-TOF database and the development of algorithms that detect species-specific ion peaks have 
successfully resulted in the correct distinction between previously indistinguishable Streptococcus and 
Bacillus species110,111. Therefore, enlargement of the MALDI-TOF MS database is required to optimize 
the successful identification rate for culturomics. Moreover, it would be of value to create a freely 
accessible MALDI-TOF MS database in which researchers can add and/or use spectral data to help in 
the identification of bacterial isolates112,113.  

 

Data storage 
The formal description of novel identified bacterial species is also part of the culturomics workflow. 
Currently, taxonomy is based on phenotypic and genotypic data, but a clear universal method for 
classification is still lacking114. The most recommended methods are based on 16s rRNA sequencing 
and DNA-DNA hybridization114,115. However, these assays are labor-intensive and require specific tools, 
that are only available in a few laboratories 114,115. With the rise of large scale of culturomics and 



genome sequencing, and the decline of phenotypic data based on biochemical assays, there is a need 
for simpler, faster and more comprehensive bacterial classification methods114,115. Hence, Fournier et 
al. introduced a polyphasic method for the description of new bacterial taxa, named taxono-
genomics115,116. Taxono-genomics combines the data from genome sequencing, MALDI-TOF MS, and 
some universally available phenotypic assays, all cost-effective techniques, to describe novel 
species115. Still, with the faster classification of bacteria using taxono-genomics, it takes two till five 
years to publish the whole description of a novel strain117. Therefore, the platform ‘New Microbes and 
New infections’, was launched in 2016. On this platform, raw information, including 16s rRNA 
sequencing and basic phenotypic data, is made available, so that the time between a scientific 
discovery and the official description of the new bacteria is shortened117.  

Currently, in the majority of publications about the description of novel bacterial species, much 
of the information is repeated in the abstract, result, and description sections118. Furthermore, many 
authors only state the information that meet the minimal requirements for bacterial description, but 
do not elaborate on the biological significance of the novel identified bacteria118. Therefore, there are 
initiatives taken to link phenotypic and molecular data into a more redundant and tabular format, so 
that the information can directly be shared in publicly available databases118. A summary of chapter 4 
is depicted in Table 6.   
 
Table 6: summary of advances and optimization steps in the data analysis step of culturomics. 

 
Data collection 

Advances Suggestions for optimization 

• Emergence of MALDI-TOF MS • Expansion MALDI-TOF MS databases 

 • Freely accessible MALDI-TOF MS databases 

 • Algorithm development to detect species specific ion peaks 

Data storage 

Advances Suggestions for optimization 

• Polyphasic description of polyphasic taxa • Publicly available database for description bacterial taxa 

• Shorten time between species discovery and official 
description (New Microbes and New Infections platform).  

• Redundant and tabular format of data description 

 

Discussion & concluding remarks 
The culture of gut bacteria appeared to be exceedingly difficult in the past, leaving many bacteria 
labeled as ‘unculturable’. Due to major advances in cultivation protocols during the past decade, many 
gut bacteria that were once thought to be unculturable have successfully been isolated and cultured, 
as we described in this report. Testing a wide range of culture conditions significantly contributed to 
this success, and by combining different conditions, a list of the 16 most optimal culture conditions 
was recently established59. The use of these culture conditions greatly reduces the cost and workload 
of culturomics experiments59.  

Despite the great success of culturomics, it was recently estimated that the majority of the 
bacterial species is still not yet cultivated16. Therefore, it is important to test even more culture 
conditions and complement the list of most optimal culture conditions. Studying the in vivo 
environment of gut bacteria in the host might provide suggestions to optimize the culture conditions. 
Questions as: ‘what are the pH values in different sides of the gastrointestinal tract? What is the effect 
of immune cell activity on the growth of bacteria? What part plays the presence or absence of mucosal 
binding sites in a culture situation? Which metabolites and secondary metabolites are present in the 
different parts of the gut?’ will give information on the growth preferences of bacteria, and might 
therefore be helpful for culture medium design. As an example, the pH range in the gastrointestinal 
tract is not properly represented in any of the culturomics studies performed so far (Supplementary 
Table 1). Thus, using culture conditions that vary in pH might yield many not-yet-cultivated bacterial 
species. In addition, machine learning is a new and promising approach to predict the optimal growth 
conditions for bacteria. Nevertheless, machine learning techniques remains a challenge, since accurate 



predictions for cultivation are often based on whole genome sequencing, whilst whole genome 
sequencing is, for its part, often dependent on cultivation.  
 The far majority of culturomics optimization studies that are performed so far, predominantly 
focus on the design of culture medium, whilst the pre-processing steps receive very little attention. 
However, optimizing the sampling methods and pre-processing steps are at least as important as 
expanding the number of culture conditions, since these pre-culture steps hugely affect the diversity 
and viability of isolated gut bacteria. Thus, more research on (optimizing) pre-processing steps is 
indispensable for the cultivation of novel bacterial species. Some optimizations will be difficult and 
time consuming, such as the development of non-invasive and accurate sampling methods. Although 
these optimizations are very important, there are other optimizations that are relatively easier to study 
and that can be implemented at a shorter notice. An example of such, is the addition of 
cryopreservants and anti-oxidants during sample freezing.   

When designing new culturomics experiments that aim to culture many yet-uncultured gut 
bacterial species, it is important to realize that culturomics can be related to other research areas. 
Research on optimizing the culturomics pre-processing steps share some common goals with the 
research on fecal microbiota transplantations, in which maintaining the viability and diversity of the 
microbial community is also crucial. In addition, much can be learned from domains outside clinical 
microbiology when regarding the cultivation step of culturomics. For example, many machine learning 
methods that are used in nutrient predictions were originally developed for environmental samples. 
Now, the field of culturomics can adopt these methods, make them more accurate for gut bacteria, 
and use them to design novel culture media. Thus, it is important to monitor the optimization steps in 
these research areas to potentially implement them into the culturomics workflow. Similarly, novel 
optimizations in the culturomics workflow might be of importance to these other research areas.  
 It is remarkable that most of the research on culturomics is performed by the group of Raoult 
(Aix-Marseille Université), as shown in supplementary Table 1. As a consequence, many culturomics 
experiments are based on the same protocol. On the one hand, this is beneficial to compare the 
outcomes of different experiments. On the other hand, this makes it harder to draw reliable and 
correct conclusions, since there is little validation by other laboratories. Thus, it is important to gain 
culturomics data from other laboratories.  
 The culture of gut bacteria is extremely important to properly characterize bacterial strains, 
and decipher physiological features and virulence properties. Furthermore, bacterial cultures are 
needed to screen antibiotics or other antimicrobial agents and determine antibiotic resistance45. 
Finally, bacterial cultures can be used to study host-bacterial interactions119,120. In conclusion, 
culturomics is an effective technique to capture the great diversity of the human gut microbiota. 
Despite the success of culturomics, and the recent optimization steps in the culturomics workflow, 
culturomics still misses many yet uncultured gut bacteria. By further studying some aspects regarding 
sample collection and culture (Figures 2 and 3 & Table 4 and 5), culturomics has the potential to 
identify even more novel bacterial species, and study clinical relevant bacteria residing in the gut.  

Supplementary information 
Supplementary Table 1: Overview of the methods and techniques that are used in the high-throughput 
culturomics studies performed in the past decade. This table is based on literature search in Pubmed 
and Google Scholar. Search terms included cultivation, culturomics, high-throughput, gut, intestine, 
bacteria, microbiota. Inclusion criteria: publication date maximally ten years ago; article is about gut 
bacteria. Exclusion criteria: non high-throughput cultivation studies.  

  



References  
1. Jandhyala, S. M., Talukdar, R., Subramanyam, C., Vuyyuru, H., Sasikala, M., & Reddy, D. N. 

(2015). Role of the normal gut microbiota. World journal of gastroenterology: WJG, 21(29), 8787. 

2. Carding, S., Verbeke, K., Vipond, D. T., Corfe, B. M., & Owen, L. J. (2015). Dysbiosis of the gut 

microbiota in disease. Microbial ecology in health and disease, 26(1), 26191. 

3. Handelsman, J. (2004). Metagenomics: application of genomics to uncultured 

microorganisms. Microbiology and molecular biology reviews, 68(4), 669-685. 

4. Wang, W. L., Xu, S. Y., Ren, Z. G., Tao, L., Jiang, J. W., & Zheng, S. S. (2015). Application of 

metagenomics in the human gut microbiome. World journal of gastroenterology: WJG, 21(3), 803. 

5. Lagier, J. C., Armougom, F., Million, M., Hugon, P., Pagnier, I., Robert, C., Bittar, G., Fournous, 

G., Gimenez, G., Maranichi, M., Trape, J. F., Koonin, E. V., La Scola, B., & Raoult, D. (2012). Microbial 

culturomics: paradigm shift in the human gut microbiome study. Clinical Microbiology and Infection, 

18(12), 1185-1193. 

6. Lynch, M. D., & Neufeld, J. D. (2015). Ecology and exploration of the rare biosphere. Nature 

Reviews Microbiology, 13(4), 217-229. 

7. Bharti, R., & Grimm, D. G. (2021). Current challenges and best-practice protocols for 

microbiome analysis. Briefings in bioinformatics, 22(1), 178-193. 

8. Holm, J. B., France, M. T., Ma, B., McComb, E., Robinson, C. K., Mehta, A., Tallon, L. T., 

Brotman, R. M., & Ravel, J. (2020). Comparative Metagenome-Assembled Genome Analysis of 

“Candidatus Lachnocurva vaginae”, Formerly Known as Bacterial Vaginosis-Associated Bacterium− 1 

(BVAB1). Frontiers in cellular and infection microbiology, 10, 117. 

9. Lagier, J. C., Edouard, S., Pagnier, I., Mediannikov, O., Drancourt, M., & Raoult, D. (2015). 

Current and past strategies for bacterial culture in clinical microbiology. Clinical microbiology 

reviews, 28(1), 208-236. 

10. Greub, G. (2012). Culturomics: a new approach to study the human microbiome. Clinical 

Microbiology and Infection, 18(12), 1157-1159. 

11. Seng, P., Drancourt, M., Gouriet, F., La Scola, B., Fournier, P. E., Rolain, J. M., & Raoult, D. 

(2009). Ongoing revolution in bacteriology: routine identification of bacteria by matrix-assisted laser 

desorption ionization time-of-flight mass spectrometry. Clinical Infectious Diseases, 49(4), 543-551. 

12. Lagier, J. C., Khelaifia, S., Alou, M. T., Ndongo, S., Dione, N., Hugon, P., Caputo A., Cadoret F., 

Traore, S. I., Seck, E. H., Dubourg, G., Durand, G., Mourembou, G., Guilhot, E., Togo, A., Bellali, S., 

Bachar, D., Cassir, N., Bittar, F., Delerce, J., Mailhe, M., Ricaboni, D., Bilen, M., Dangui, Nieko N. P., 

Dia Badiane, N. M., Valles, C., Mouelh,i D., Diop, K., Million, M., Musso, D., Abrahão, J., Azhar, E. I, 

Bibi F., Yasir, M., Diallo A., Sokhna, C., Djossou, F., Vitton, V., Robert, C., Rolain, J. M., La Scola, B., 

Fournier PE., Levasseur A., & Raoult, D. (2016). Culture of previously uncultured members of the 

human gut microbiota by culturomics. Nature microbiology, 1(12), 1-8. 

13. Diakite, A., Dubourg, G., & Raoult, D. (2021). Updating the repertoire of cultured bacteria 

from the human being. Microbial Pathogenesis, 150, 104698. 



14. Chang, Y., Hou, F., Pan, Z., Huang, Z., Han, N., Bin, L., Deng, H., Li, Z., Ding, L., Gao, H., Zhi, F., 

Yang, R., & Bi, Y. (2019). Optimization of culturomics strategy in human fecal samples. Frontiers in 

microbiology, 10, 2891. 

15. Lagier, J. C., Dubourg, G., Million, M., Cadoret, F., Bilen, M., Fenollar, F., Fenollar, F., 

Levasseur, A., Rolain, J. M., Fournier, P. E., & Raoult, D. (2018). Culturing the human microbiota and 

culturomics. Nature Reviews Microbiology, 16(9), 540-550. 

16. Nayfach, S., Shi, Z. J., Seshadri, R., Pollard, K. S., & Kyrpides, N. C. (2019). New insights from 

uncultivated genomes of the global human gut microbiome. Nature, 568(7753), 505-510. 

17. Tang, Q., Jin, G., Wang, G., Liu, T., Liu, X., Wang, B., & Cao, H. (2020). Current sampling 

methods for gut microbiota: a call for more precise devices. Frontiers in cellular and infection 

microbiology, 10, 151. 

18. Donaldson, G. P., Lee, S. M., & Mazmanian, S. K. (2016). Gut biogeography of the bacterial 

microbiota. Nature Reviews Microbiology, 14(1), 20-32. 

19. Ringel, Y., Maharshak, N., Ringel-Kulka, T., Wolber, E. A., Sartor, R. B., & Carroll, I. M. (2015). 

High throughput sequencing reveals distinct microbial populations within the mucosal and luminal 

niches in healthy individuals. Gut microbes, 6(3), 173-181. 

20. Zoetendal, E. G., von Wright, A., Vilpponen-Salmela, T., Ben-Amor, K., Akkermans, A. D., & de 

Vos, W. M. (2002). Mucosa-associated bacteria in the human gastrointestinal tract are uniformly 

distributed along the colon and differ from the community recovered from feces. Applied and 

environmental microbiology, 68(7), 3401-3407. 

21. Chen, L., Gruzinskyte, L., Jørgensen, S. L., Boisen, A., & Srivastava, S. K. (2020). An Ingestible 

Self-Polymerizing System for Targeted Sampling of Gut Microbiota and Biomarkers. ACS nano, 14(9), 

12072-12081. 

22. Vartoukian, S. R., Palmer, R. M., & Wade, W. G. (2010). Cultivation of a Synergistetes strain 

representing a previously uncultivated lineage. Environmental microbiology, 12(4), 916-928. 

23. Hasan, N., & Yang, H. (2019). Factors affecting the composition of the gut microbiota, and its 

modulation. PeerJ, 7, e7502. 

24. Almeida, A., Mitchell, A. L., Boland, M., Forster, S. C., Gloor, G. B., Tarkowska, A., Lawley, T. 

D., & Finn, R. D. (2019). A new genomic blueprint of the human gut microbiota. Nature, 568(7753), 

499-504. 

25. Swidsinski, A., Loening–Baucke, V., Verstraelen, H., Osowska, S., & Doerffel, Y. (2008). 

Biostructure of fecal microbiota in healthy subjects and patients with chronic idiopathic diarrhea. 

Gastroenterology, 135(2), 568-579. 

26. Swidsinski, A., Loening-Baucke, V., Vaneechoutte, M., & Doerffel, Y. (2008). Active Crohn's 

disease and ulcerative colitis can be specifically diagnosed and monitored based on the biostructure 

of the fecal flora. Inflammatory bowel diseases, 14(2), 147-161. 

27. Gorzelak, M. A., Gill, S. K., Tasnim, N., Ahmadi-Vand, Z., Jay, M., & Gibson, D. L. (2015). 

Methods for improving human gut microbiome data by reducing variability through sample 

processing and storage of stool. PloS one, 10(8), e0134802. 



28. Hsieh, Y. H., Peterson, C. M., Raggio, A., Keenan, M. J., Martin, R. J., Ravussin, E., & Marco, M. 

L. (2016). Impact of different fecal processing methods on assessments of bacterial diversity in the 

human intestine. Frontiers in microbiology, 7, 1643. 

29. Liang, Y., Dong, T., Chen, M., He, L., Wang, T., Liu, X., Chang, H., Mao, J. H., Hang, B., Snijders, 

A. M., & Xia, Y. (2020). Systematic analysis of impact of sampling regions and storage methods on 

fecal gut microbiome and metabolome profiles. Msphere, 5(1), e00763-19. 

30. Wu, W. K., Chen, C. C., Panyod, S., Chen, R. A., Wu, M. S., Sheen, L. Y., & Chang, S. C. (2019). 

Optimization of fecal sample processing for microbiome study—The journey from bathroom to 

bench. Journal of the Formosan Medical Association, 118(2), 545-555. 

31. Song, S. J., Amir, A., Metcalf, J. L., Amato, K. R., Xu, Z. Z., Humphrey, G., & Knight, R. (2016). 

Preservation methods differ in fecal microbiome stability, affecting suitability for field studies. 

MSystems, 1(3), e00021-16. 

32. Martínez, N., Hidalgo-Cantabrana, C., Delgado, S., Margolles, A., & Sánchez, B. (2019). Filling 

the gap between collection, transport and storage of the human gut microbiota. Scientific reports, 

9(1), 1-8. 

33. Fouhy, F., Deane, J., Rea, M. C., O’Sullivan, Ó., Ross, R. P., O’Callaghan, G., Plant, B. J., & 

Stanton, C. (2015). The effects of freezing on faecal microbiota as determined using MiSeq 

sequencing and culture-based investigations. PloS one, 10(3), e0119355. 

34. Burz, S. D., Abraham, A. L., Fonseca, F., David, O., Chapron, A., Béguet-Crespel, F., Cénard, S., 

Le Roux, K., Patrascu, O., Levenez, F., Schwinter, C., Blottiere, H. M., Béra-Maillet, C., Lepage, P., 

Doré, J. & Juste, C. (2019). A guide for ex vivo handling and storage of stool samples intended for 

fecal microbiota transplantation. Scientific reports, 9(1), 1-16. 

35. DeMarco, A. L., Rabe, L. K., Austin, M. N., Stoner, K. A., Avolia, H. A., Meyn, L. A., & Hillier, S. 

L. (2017). Survival of vaginal microorganisms in three commercially available transport systems. 

Anaerobe, 45, 44-49. 

36. Tidjani Alou, M., Naud, S., Khelaifia, S., Bonnet, M., Lagier, J. C., & Raoult, D. (2020). State of 

the art in the culture of the human microbiota: new interests and strategies. Clinical Microbiology 

Reviews, 34(1), e00129-19. 

37. Bellali, S., Khalil, J. B., Fontanini, A., Raoult, D., & Lagier, J. C. (2020). A new protectant 

medium preserving bacterial viability after freeze drying. Microbiological research, 236, 126454. 

38. Staley, C., Hamilton, M. J., Vaughn, B. P., Graiziger, C. T., Newman, K. M., Kabage, A. J., 

Sadowsky, M. J., & Khoruts, A. (2017). Successful resolution of recurrent Clostridium difficile infection 

using freeze-dried, encapsulated fecal microbiota; pragmatic cohort study. The American journal of 

gastroenterology, 112(6), 940. 

39. Bircher, L., Geirnaert, A., Hammes, F., Lacroix, C., & Schwab, C. (2018). Effect of 

cryopreservation and lyophilization on viability and growth of strict anaerobic human gut microbes. 

Microbial biotechnology, 11(4), 721-733. 

40. Bellali, S., Lagier, J. C., Raoult, D., & Bou Khalil, J. (2019). Among live and dead bacteria, the 

optimization of sample collection and processing remains essential in recovering gut microbiota 

components. Frontiers in microbiology, 10, 1606. 



41. Espey, M. G. (2013). Role of oxygen gradients in shaping redox relationships between the 

human intestine and its microbiota. Free Radical Biology and Medicine, 55, 130-140. 

42. Bellali, S., Lagier, J. C., Million, M., Anani, H., Haddad, G., Francis, R., Yimagou, E. K., Khelaifa, 

S., Levasseur, A., Raoult, D., & Bou Khalil, J. (2021). Running after ghosts: are dead bacteria the dark 

matter of the human gut microbiota?. Gut microbes, 13(1), 1-12. 

43. Lagier, J. C., Hugon, P., Khelaifia, S., Fournier, P. E., La Scola, B., & Raoult, D. (2015). The 

rebirth of culture in microbiology through the example of culturomics to study human gut 

microbiota. Clinical microbiology reviews, 28(1), 237-264. 

44. Weissman, J. L., Hou, S., & Fuhrman, J. A. (2021). Estimating maximal microbial growth rates 

from cultures, metagenomes, and single cells via codon usage patterns. Proceedings of the National 

Academy of Sciences, 118(12). 

45. Rettedal, E. A., Gumpert, H., & Sommer, M. O. (2014). Cultivation-based multiplex 

phenotyping of human gut microbiota allows targeted recovery of previously uncultured bacteria. 

Nature communications, 5(1), 1-9. 

46. Raymond, F., Boissinot, M., Ouameur, A. A., Déraspe, M., Plante, P. L., Kpanou, S. R., Bérubé, 

E., Huletsky, A., Roy, P. H., Ouelette, M., Bergeron, M. G., & Corbeil, J. (2019). Culture-enriched 

human gut microbiomes reveal core and accessory resistance genes. Microbiome, 7(1), 1-13. 

47. Bonnet, M., Lagier, J. C., Raoult, D., & Khelaifia, S. (2020). Bacterial culture through selective 

and non-selective conditions: the evolution of culture media in clinical microbiology. New microbes 

and new infections, 34, 100622. 

48. Versluis, D., de J. Bello González, T., Zoetendal, E. G., Passel, M. W. V., & Smidt, H. (2019). 

High throughput cultivation-based screening on porous aluminum oxide chips allows targeted 

isolation of antibiotic resistant human gut bacteria. PloS one, 14(1), e0210970. 

49. Arango-Argoty, G., Garner, E., Pruden, A., Heath, L. S., Vikesland, P., & Zhang, L. (2018). 

DeepARG: a deep learning approach for predicting antibiotic resistance genes from metagenomic 

data. Microbiome, 6(1), 1-15. 

50. Chowdhury, A. S., Call, D. R., & Broschat, S. L. (2020). PARGT: A software tool for predicting 

antimicrobial resistance in bacteria. Scientific reports, 10(1), 1-7. 

51. Su, M., Satola, S. W., & Read, T. D. (2019). Genome-based prediction of bacterial antibiotic 

resistance. Journal of clinical microbiology, 57(3), e01405-18. 

52. Van Camp, P. J., Haslam, D. B., & Porollo, A. (2020). Prediction of antimicrobial resistance in 

Gram-negative bacteria from whole-genome sequencing data. Frontiers in microbiology, 11, 1013. 

53. V Kalinin, D., & Holl, R. (2016). Insights into the zinc-dependent deacetylase LpxC: 

biochemical properties and inhibitor design. Current topics in medicinal chemistry, 16(21), 2379-

2430. 

54. Hou, F., Chang, Y., Huang, Z., Han, N., Bin, L., Deng, H., Li, Z., Pan, Z., Ding, L., Gao, H., Yang, 

R., & Bi, Y. (2019). Application of LpxC enzyme inhibitor to inhibit some fast-growing bacteria in 

human gut bacterial culturomics. BMC microbiology, 19(1), 1-8. 



55. Cieplak, T., Soffer, N., Sulakvelidze, A., & Nielsen, D. S. (2018). A bacteriophage cocktail 

targeting Escherichia coli reduces E. coli in simulated gut conditions, while preserving a non-targeted 

representative commensal normal microbiota. Gut microbes, 9(5), 391-399. 

56. Sillankorva, S., Oliveira, D., Moura, A., Henriques, M., Faustino, A., Nicolau, A., & Azeredo, J. 

(2011). Efficacy of a broad host range lytic bacteriophage against E. coli adhered to urothelium. 

Current microbiology, 62(4), 1128-1132. 

57. Bakuradze, N., Makalatia, K., Merabishvili, M., Togoshvili, L., & Chanishvili, N. (2018). 

SELECTION OF THE ACTIVE PHAGES AGAINST B. FRAGILIS FOR FURTHER STUDY OF THRAPEUTIC 

PERPECTIVES. Georgian medical news, (285), 111-116. 

58. Bakuradze, N., Merabishvili, M., Makalatia, K., Kakabadze, E., Grdzelishvili, N., Wagemans, J., 

Lood, C., Chachua, I., Vaneechoutte, M., Lavigne, R., Pirnay, J. P., Abiatari, I., & Chanishvili, N. (2021). 

In Vitro Evaluation of the Therapeutic Potential of Phage VA7 against Enterotoxigenic Bacteroides 

fragilis Infection. Viruses, 13(10), 2044. 

59. Diakite, A., Dubourg, G., Dione, N., Afouda, P., Bellali, S., Ngom, I. I., Valles, C., Tall, M. I., 

Lagier, J. C., & Raoult, D. (2020). Optimization and standardization of the culturomics technique for 

human microbiome exploration. Scientific reports, 10(1), 1-7. 

60. La Scola, B., Khelaifia, S., Lagier, J. C., & Raoult, D. (2014). Aerobic culture of anaerobic 

bacteria using antioxidants: a preliminary report. European journal of clinical microbiology & 

infectious diseases, 33(10), 1781-1783. 

61. Dione, N., Khelaifia, S., La Scola, B., Lagier, J. C., & Raoult, D. (2016). A quasi-universal 

medium to break the aerobic/anaerobic bacterial culture dichotomy in clinical microbiology. Clinical 

Microbiology and Infection, 22(1), 53-58. 

62. Khan, M. T., van Dijl, J. M., & Harmsen, H. J. (2014). Antioxidants keep the potentially 

probiotic but highly oxygen-sensitive human gut bacterium Faecalibacterium prausnitzii alive at 

ambient air. PLoS One, 9(5), e96097. 

63. Pham, V. T., Fehlbaum, S., Seifert, N., Richard, N., Bruins, M. J., Sybesma, W., Rehman, A., & 

Steinert, R. E. (2021). Effects of colon-targeted vitamins on the composition and metabolic activity of 

the human gut microbiome–a pilot study. Gut microbes, 13(1), 1-20. 

64. Fenn, K., Strandwitz, P., Stewart, E. J., Dimise, E., Rubin, S., Gurubacharya, S., Clardy, J., & 

Lewis, K. (2017). Quinones are growth factors for the human gut microbiota. Microbiome, 5(1), 1-11. 

65. Naud, S., Khelaifia, S., Fonkou, M. D. M., Dione, N., Lagier, J. C., & Raoult, D. (2020). Proof of 

concept of culturomics use of time of care. Frontiers in cellular and infection microbiology, 10. 

66. Sakamoto, M., Ikeyama, N., Kunihiro, T., Iino, T., Yuki, M., & Ohkuma, M. (2018). 

Mesosutterella multiformis gen. nov., sp. nov., a member of the family Sutterellaceae and Sutterella 

megalosphaeroides sp. nov., isolated from human faeces. International journal of systematic and 

evolutionary microbiology, 68(12), 3942-3950. 

67. Gu, Y., Yan, D., Wu, M., Li, M., Li, P., Wang, J., Chang, Y., Yang, F., Di, S., Ni, S., Yang, M., & Liu, 

J. (2021). Influence of the densities and nutritional components of bacterial colonies on the culture-

enriched gut bacterial community structure. AMB Express, 11(1), 1-15. 

68. Li, Z. T., Hu, G. A., Zhu, L., Sun, Z. L., Gao, M. J., & Zhan, X. B. (2020). Growth, metabolism, and 

morphology of Akkermansia muciniphila grown in different nutrient media. bioRxiv. 



69. Fodor, A. A., DeSantis, T. Z., Wylie, K. M., Badger, J. H., Ye, Y., Hepburn, T., Hu, P., Sodergren, 

E., Liolios, K., Huot-Creasy, L., Birren, B.W., & Earl, A. M. (2012). The “most wanted” taxa from the 

human microbiome for whole genome sequencing. 

70. Looft, T., Levine, U. Y., & Stanton, T. B. (2013). Cloacibacillus porcorum sp. nov., a mucin-

degrading bacterium from the swine intestinal tract and emended description of the genus 

Cloacibacillus. International journal of systematic and evolutionary microbiology, 63(Pt 6), 1960. 

71. Strandwitz, P., Kim, K. H., Terekhova, D., Liu, J. K., Sharma, A., Levering, J., McDonald, D., 

Deitrich, D., Ramadhar, T. R., Lekbua, A., Mroue, N., Liston, C., Stewart, E. J., Dubin, M. J., Zengler, K., 

Knight, R., Gilbert, J. A., Clardy, J., & Lewis, K. (2019). GABA-modulating bacteria of the human gut 

microbiota. Nature microbiology, 4(3), 396-403. 

72. Tramontano, M., Andrejev, S., Pruteanu, M., Klünemann, M., Kuhn, M., Galardini, M., 

Joughten, P., Zelezniak, A., Zeller, G., Bork, P., Typas, A., & Patil, K. R. (2018). Nutritional preferences 

of human gut bacteria reveal their metabolic idiosyncrasies. Nature microbiology, 3(4), 514-522. 

73. Duncan, S. H., Hold, G. L., Harmsen, H. J., Stewart, C. S., & Flint, H. J. (2002). Growth 

requirements and fermentation products of Fusobacterium prausnitzii, and a proposal to reclassify it 

as Faecalibacterium prausnitzii gen. nov., comb. nov. International journal of systematic and 

evolutionary microbiology, 52(6), 2141-2146. 

74. Rodríguez-Daza, M. C., Pulido-Mateos, E. C., Lupien-Meilleur, J., Guyonnet, D., Desjardins, Y., 

& Roy, D. (2021). Polyphenol-mediated gut microbiota modulation: Toward prebiotics and further. 

Frontiers in Nutrition, 8. 

75. Constante, M., Fragoso, G., Calvé, A., Samba-Mondonga, M., & Santos, M. M. (2017). Dietary 

heme induces gut dysbiosis, aggravates colitis, and potentiates the development of adenomas in 

mice. Frontiers in microbiology, 8, 1809. 

76. Atlas, R., & Snyder, J. (2015). Reagents, stains, and media: bacteriology. In Manual of Clinical 

Microbiology, Eleventh Edition (pp. 316-349). American Society of Microbiology. 

77. Duncan, S. H., Louis, P., Thomson, J. M., & Flint, H. J. (2009). The role of pH in determining 

the species composition of the human colonic microbiota. Environmental microbiology, 11(8), 2112-

2122. 

78. Cotter, P. D., & Hill, C. (2003). Surviving the acid test: responses of gram-positive bacteria to 

low pH. Microbiology and molecular biology reviews, 67(3), 429-453. 

79. Walker, A. W., Duncan, S. H., McWilliam Leitch, E. C., Child, M. W., & Flint, H. J. (2005). pH 

and peptide supply can radically alter bacterial populations and short-chain fatty acid ratios within 

microbial communities from the human colon. Applied and environmental microbiology, 71(7), 3692-

3700. 

80. Russell, J. B., & Diez-Gonzalez, F. (1997). The effects of fermentation acids on bacterial 

growth. Advances in microbial physiology, 39, 205-234. 

81. Lau, J. T., Whelan, F. J., Herath, I., Lee, C. H., Collins, S. M., Bercik, P., & Surette, M. G. (2016). 

Capturing the diversity of the human gut microbiota through culture-enriched molecular profiling. 

Genome medicine, 8(1), 1-10. 



82. Ghimire, S., Roy, C., Wongkuna, S., Antony, L., Maji, A., Keena, M. C., Foley, A., & Scaria, J. 

(2020). Identification of Clostridioides difficile-inhibiting gut commensals using culturomics, 

phenotyping, and combinatorial community assembly. Msystems, 5(1), e00620-19. 

83. Evans, D. F., Pye, G., Bramley, R., Clark, A. G., Dyson, T. J., & Hardcastle, J. D. (1988). 

Measurement of gastrointestinal pH profiles in normal ambulant human subjects. Gut, 29(8), 1035-

1041. 

84. Chandler Jr, F. W., & Clark Jr, J. W. (1970). Membrane filtration of the Reiter treponeme. 

Applied microbiology, 20(5), 786-788. 

85. Tanaka, T., Kawasaki, K., Daimon, S., Kitagawa, W., Yamamoto, K., Tamaki, H., Tanaka, M., 

Nakatsu, C. H., & Kamagata, Y. (2014). A hidden pitfall in the preparation of agar media undermines 

microorganism cultivability. Applied and environmental microbiology, 80(24), 7659-7666. 

86. Das, N., Triparthi, N., Basu, S., Bose, C., Maitra, S., & Khurana, S. (2015). Progress in the 

development of gelling agents for improved culturability of microorganisms. Frontiers in 

microbiology, 6, 698. 

87. Watterson, W. J., Tanyeri, M., Watson, A. R., Cham, C. M., Shan, Y., Chang, E. B., Eren, A. M., 

& Tay, S. (2020). Droplet-based high-throughput cultivation for accurate screening of antibiotic 

resistant gut microbes. Elife, 9, e56998. 

88. Tan, J. Y., Wang, S., Dick, G. J., Young, V. B., Sherman, D. H., Burns, M. A., & Lin, X. N. (2020). 

Co-cultivation of microbial sub-communities in microfluidic droplets facilitates high-resolution 

genomic dissection of microbial ‘dark matter’. Integrative Biology, 12(11), 263-274. 

89. Nichols, D., Cahoon, N., Trakhtenberg, E. M., Pham, L., Mehta, A., Belanger, A., Tanigan, T., 

Lewis, K., & Epstein, S. S. (2010). Use of ichip for high-throughput in situ cultivation of “uncultivable” 

microbial species. Applied and environmental microbiology, 76(8), 2445-2450. 

90. Sardelli, L., Perottoni, S., Tunesi, M., Boeri, L., Fusco, F., Petrini, P., Albani, D., & Giordano, C. 

(2021). Technological tools and strategies for culturing human gut microbiota in engineered in vitro 

models. Biotechnology and Bioengineering. 

91. Xiang, Y., Wen, H., Yu, Y., Li, M., Fu, X., & Huang, S. (2020). Gut-on-chip: Recreating human 

intestine in vitro. Journal of Tissue Engineering, 11, 2041731420965318. 

92. Poceviciute, R., & Ismagilov, R. F. (2019). Human-gut-microbiome on a chip. Nature 

biomedical engineering, 3(7), 500-501. 

93. Jalili-Firoozinezhad, S., Gazzaniga, F. S., Calamari, E. L., Camacho, D. M., Fadel, C. W., Bein, A., 

Swenor, B., Nestor, B., Cronce, M. J., Tovaglieri, A., Levy, O., Gregory, K. E., Breault, D. T., Cabral, J. M. 

S., Kasper, D. L., Novak, R., & Ingber, D. E. (2019). A complex human gut microbiome cultured in an 

anaerobic intestine-on-a-chip. Nature biomedical engineering, 3(7), 520-531. 

94. Ashammakhi, N., Nasiri, R., de Barros, N. R., Tebon, P., Thakor, J., Goudie, M., Shamloo, A., 

Martin, M. G., & Khademhosseini, A. (2020). Gut-on-a-chip: Current progress and future 

opportunities. Biomaterials, 255, 120196. 

95. Browne, H. P., Forster, S. C., Anonye, B. O., Kumar, N., Neville, B. A., Stares, M. D., Goulding, 

D., & Lawley, T. D. (2016). Culturing of ‘unculturable’human microbiota reveals novel taxa and 

extensive sporulation. Nature, 533(7604), 543-546. 



96. Koransky, J. R., Allen, S. D., & Dowell Jr, V. R. (1978). Use of ethanol for selective isolation of 

sporeforming microorganisms. Applied and Environmental Microbiology, 35(4), 762-765. 

97. Afouda, P., Hocquart, M., Kuete, E., Ngom, I. I., Dione, N., Valles, C., Bellali, S., Lagier, J. C., 

Dubourg, G., & Raoult, D. (2020). Alcohol pretreatment of stools effect on culturomics. Scientific 

reports, 10(1), 1-10. 

98. Wilson, K. H. (1983). Efficiency of various bile salt preparations for stimulation of Clostridium 

difficile spore germination. Journal of clinical microbiology, 18(4), 1017-1019. 

99. Onizuka, S., Tanaka, M., Mishima, R., & Nakayama, J. (2021). Cultivation of Spore-Forming 

Gut Microbes Using a Combination of Bile Acids and Amino Acids. Microorganisms, 9(8), 1651. 

100. Oberhardt, M. A., Zarecki, R., Gronow, S., Lang, E., Klenk, H. P., Gophna, U., & Ruppin, E. 

(2015). Harnessing the landscape of microbial culture media to predict new organism–media 

pairings. Nature communications, 6(1), 1-14. 

101. Xiao, H., Liu, B., Yong, J., & Zhou, H. (2019). Quantitative analysis and medium components 

optimizing for culturing a fastidious bacterium Christensenella minuta. bioRxiv, 632836. 

102. Lugli, G. A., Milani, C., Duranti, S., Alessandri, G., Turroni, F., Mancabelli, L., Tatoni, D., 

Ossiprandi, M. C., van Sinderen, D., & Ventura, M. (2019). Isolation of novel gut bifidobacteria using a 

combination of metagenomic and cultivation approaches. Genome biology, 20(1), 1-6. 

103. Yang, S., Xie, X., Ma, J., He, X., Li, Y., Du, M., Li, L., Yang, L., Wu, Q., Chen, W., & Zhang, J. 

(2021). Selective Isolation of Bifidobacterium From Human Faeces Using Pangenomics, 

Metagenomics, and Enzymology. Frontiers in Microbiology, 12, 815. 

104. Zimmermann, J., Kaleta, C., & Waschina, S. (2021). gapseq: Informed prediction of bacterial 

metabolic pathways and reconstruction of accurate metabolic models. Genome biology, 22(1), 1-35. 

105. Cross, K. L., Campbell, J. H., Balachandran, M., Campbell, A. G., Cooper, S. J., Griffen, A., 

Heaton, M., Joshi, S., Klingeman, D., Leys, E., Yang, Z., Parks, J. M., & Podar, M. (2019). Targeted 

isolation and cultivation of uncultivated bacteria by reverse genomics. Nature biotechnology, 37(11), 

1314-1321. 

106. Bellais, S., Nehlich, M., Duquenoy, A., Ania, M., van den Engh, G., Baijer, J., Belotserkovsky, I., 

& Thomas, V. (2020). Sorting and cultivation of Faecalibacterium prausnitzii from fecal samples using 

flow cytometry in anaerobic conditions. bioRxiv. 

107. Batani, G., Bayer, K., Böge, J., Hentschel, U., & Thomas, T. (2019). Fluorescence in situ 

hybridization (FISH) and cell sorting of living bacteria. Scientific reports, 9(1), 1-13. 

108. Lévesque, S., Dufresne, P. J., Soualhine, H., Domingo, M. C., Bekal, S., Lefebvre, B., & 

Tremblay, C. (2015). A side by side comparison of Bruker Biotyper and VITEK MS: utility of MALDI-TOF 

MS technology for microorganism identification in a public health reference laboratory. PloS one, 

10(12), e0144878. 

109. Mbaye, B., Alou, M. T., Fadlane, A., Fregiere, L., Alibar, S., Million, M., Fenollar, F., & Lo, C. I. 

(2021). Neobacillus massiliamazoniensis sp. nov., a new bacterial species isolated from stool sample 

of an inhabitant of the Amazon region. New Microbes and New Infections, 42, 100900. 

110. Manzulli, V., Rondinone, V., Buchicchio, A., Serrecchia, L., Cipolletta, D., Fasanella, A., Parisi, 

A., Difato, L., Latarola, M., Aceti, A., Poppa, E., Tolve, F., Pace, L., Petrruzzi, F., Rovere, I. D., Raele, D. 



A., Sambro, L. D., Giangrossi, L., & Galante, D. (2021). Discrimination of Bacillus cereus Group 

Members by MALDI-TOF Mass Spectrometry. Microorganisms, 9(6), 1202. 

111. Marín, M., Cercenado, E., Sánchez-Carrillo, C., Ruiz, A., Gómez González, Á., Rodríguez-

Sánchez, B., & Bouza, E. (2017). Accurate differentiation of Streptococcus pneumoniae from other 

species within the Streptococcus mitis group by peak analysis using MALDI-TOF MS. Frontiers in 

Microbiology, 8, 698. 

112. Normand, A. C., Cassagne, C., Gautier, M., Becker, P., Ranque, S., Hendrickx, M., & Piarroux, 

R. (2017). Decision criteria for MALDI-TOF MS-based identification of filamentous fungi using 

commercial and in-house reference databases. BMC microbiology, 17(1), 1-17. 

113. Rahi, P., & Vaishampayan, P. (2020). MALDI-TOF MS application in microbial ecology studies. 

Frontiers in microbiology, 10, 2954. 

114. Abou Abdallah, R., Beye, M., Diop, A., Bakour, S., Raoult, D., & Fournier, P. E. (2017). The 

impact of culturomics on taxonomy in clinical microbiology. Antonie Van Leeuwenhoek, 110(10), 

1327-1337. 

115. Fournier, P. E., Lagier, J. C., Dubourg, G., & Raoult, D. (2015). From culturomics to 

taxonomogenomics: a need to change the taxonomy of prokaryotes in clinical microbiology. 

Anaerobe, 36, 73-78. 

116. Ramasamy, D., Mishra, A. K., Lagier, J. C., Padhmanabhan, R., Rossi, M., Sentausa, E., Raoult, 

D., & Fournier, P. E. (2014). A polyphasic strategy incorporating genomic data for the taxonomic 

description of novel bacterial species. International journal of systematic and evolutionary 

microbiology, 64(Pt_2), 384-391. 

117. Fournier, P. E., Raoult, D., & Drancourt, M. (2017). New species announcement: a new format 

to prompt the description of new human microbial species. New microbes and new infections, 15, 

136. 

118. Stackebrandt, E., & Smith, D. (2019). Paradigm shift in species description: the need to move 

towards a tabular format. 

119. Jackson, M. A., Pearson, C., Ilott, N. E., Huus, K. E., Hegazy, A. N., Webber, J., Finlay, B. B., 

Macpherson, A. J., Powrie, F., & Lam, L. H. (2021). Accurate identification and quantification of 

commensal microbiota bound by host immunoglobulins. Microbiome, 9(1), 1-22. 

120. Zhang, Y. G., & Sun, J. (2019). Study Bacteria-Host Interactions Using Intestinal Organoids. 

Methods in Molecular Biology. 1576, 249-254 

121. Pfleiderer, A., Lagier, J. C., Armougom, F., Robert, C., Vialettes, B., & Raoult, D. (2013). 

Culturomics identified 11 new bacterial species from a single anorexia nervosa stool sample. 

European journal of clinical microbiology & infectious diseases, 32(11), 1471-1481. 

122. Dubourg, G., Lagier, J. C., Armougom, F., Robert, C., Hamad, I., Brouqui, P., & Raoult, D. 

(2013). The gut microbiota of a patient with resistant tuberculosis is more comprehensively studied 

by culturomics than by metagenomics. European journal of clinical microbiology & infectious 

diseases, 32(5), 637-645. 

123. Dubourg, G., Lagier, J. C., Robert, C., Armougom, F., Hugon, P., Metidji, S., Dione, N., Dangui, 

N. P. M., Pfleiderer, A., Abrahao, J., Musso, D., Papazian, L., Brouqui, P., Bibi, F., Yasir, M., Vialettes, 

B., & Raoult, D. (2014). Culturomics and pyrosequencing evidence of the reduction in gut microbiota 



diversity in patients with broad-spectrum antibiotics. International journal of antimicrobial agents, 

44(2), 117-124. 

124. Senghor, B., Bassène, H., Khelaifia, S., Robert, C., Fournier, P. E., Ruimy, R., Sokhna, C., Raoult, 

D., & Lagier, J. C. (2019). Oceanobacillus timonensis sp. nov. and Oceanobacillus senegalensis sp. 

nov., two new moderately halophilic, Gram-stain positive bacteria isolated from stools sample of 

healthy young Senegalese. Antonie van Leeuwenhoek, 112(5), 785-796. 

125. Mailhe, M., Ricaboni, D., Vitton, V., Gonzalez, J. M., Bachar, D., Dubourg, G., Cadoret, F., 

Robert, C., Delerce, J., Levasseur, A., Fournier, P. E., Angelakis, E., Lagier, J. C., & Raoult, D. (2018). 

Repertoire of the gut microbiota from stomach to colon using culturomics and next-generation 

sequencing. BMC microbiology, 18(1), 1-11. 

126. Seck, E. H., Senghor, B., Merhej, V., Bachar, D., Cadoret, F., Robert, C., Azhar, E. I., Yasir, M., 

Bibi, F., Jiman-Fatani, A. A., Konate, D. S., Musso, D., Doumbo, O., Sokhna, C., Levasseur, A., Lagier, J. 

C., Khelaifia, S., & Raoult, D. (2019). Salt in stools is associated with obesity, gut halophilic microbiota 

and Akkermansia muciniphila depletion in humans. International Journal of Obesity, 43(4), 862-871. 

127. Diakite, A., Dubourg, G., Dione, N., Afouda, P., Bellali, S., Ngom, I. I., Valles, C., Million, M., 

Levasseur, A., Cadoret, F., Lagier, J. C., & Raoult, D. (2019). Extensive culturomics of 8 healthy 

samples enhances metagenomics efficiency. PLoS One, 14(10), e0223543. 

128. Amrane, S., Hocquart, M., Afouda, P., Kuete, E., Dione, N., Ngom, I. I., Valles, C., Bachar, D., 

Raoult, D., & Lagier, J. C. (2019). Metagenomic and culturomic analysis of gut microbiota dysbiosis 

during Clostridium difficile infection. Scientific reports, 9(1), 1-8. 

129. Khan, I., Yasir, M., Farman, M., Kumosani, T., AlBasri, S. F., Bajouh, O. S., & Azhar, E. I. (2019). 

Evaluation of gut bacterial community composition and antimicrobial resistome in pregnant and non-

pregnant women from Saudi population. Infection and drug resistance, 12, 1749. 

130. Alou, M. T., Bachar, D., Levasseur, A., Brah, S., Alhousseini, D., Sokhna, C., Diallo, A., 

Wieringa, F., Million, M., & Raoult, D. (2019). Gut microbiota alteration is characterized by a 

proteobacteria and fusobacteria bloom in kwashiorkor and a bacteroidetes paucity in marasmus. 

Scientific reports, 9(1), 1-13 


