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Abstract 27 

The discovery of human-associated microscopic life forms has captivated the scientific 28 

community since their first documentation in the 17th century. Subsequent isolation and cultivation 29 

of microorganisms have spurred great leaps in medicine, including the discovery of antibiotics, 30 

identifying pathogens that cause infectious diseases, and vaccine development. The realization 31 

that there is a vast discrepancy between the number of microscopic cell counts and how many 32 

could thrive in the laboratory motivated the advent of sequencing-based approaches to 33 

characterize the uncultured fraction of the microbiota, leading to an unprecedented view into their 34 

composition and putative function on all bodily surfaces. It soon became apparent that specific 35 

members of the microbiota can be our commensal partners with new implications on various 36 

aspects of health, as well as a rich source of therapeutic compounds and tools for biotechnology. 37 

Harnessing the immense repertoire of microbial properties, however, inadvertently requires pure 38 

cultures for validation and manipulation of candidate genes, proteins or metabolic pathways, just 39 

as mammalian cell culture has become an indispensable tool for mechanistic understanding of 40 

host biology. Yet, this renewed interest in growing microorganisms, individually or as a 41 

consortium, is stalled by the laborious nature of conventional cultivation methods. Addressing this 42 

unmet need through implementation of improved media design and new cultivation techniques is 43 

arguably instrumental to future milestones in translational microbiome research.  44 

Introduction 45 

For more than one century scientists have largely relied on cultivation approaches to establish 46 

the physiological and biochemical properties of microorganisms. These efforts not only facilitated 47 

the discovery of anaerobic life forms that colonize mammalian systems, the means to propagate 48 

organisms on solid culture media paved way for the Golden Age of Microbiology. As of 2020, the 49 

total number of valid published names of bacteria in the DSMZ database exceeded 19,000 type 50 

strains that span over 3,000 genera (50). The ATCC Mycology Collection has accumulated more 51 

than 7,600 species of fungi and yeasts, 300 of which are biomedically-relevant (38). While this 52 

appears to be a substantial assemblage of cultivable microorganisms, it is estimated that there are 53 

as many as 1012 species of bacteria, archaea and fungi exist on Earth (48). In fact, 55 out of 92 54 

distinct bacterial phyla have no cultivable representatives (24) Reasons why only a fraction of all 55 

viable organisms from a given specimen can be isolated and grown in lab conditions include: i) 56 

dormancy of microbial growth once they were removed from the natural habitat (14); ii) lack of 57 

highly specific but essential nutrient requirements or signalling molecules (9) and; iii) complex 58 

cross-feeding relationships between members of the microbial community (44). Thus, exploration 59 

of the diversity and function of our microbial selves have been progressively replaced by culture-60 

Downloaded from journals.physiology.org/journal/ajpgi at Cedars Sinai Med Ctr (192.231.086.010) on September 30, 2020.



independent approaches, ranging from Sanger sequencing, high-throughput sequencing of 16S 61 

amplicons, shotgun metagenomics, meta-transcriptomics to single-cell genomics.  62 

The sequencing revolution has facilitated characterization of the uncultured organisms that 63 

make up the human microbiota and the genes they carry. A sequencing-based survey by the initial 64 

Human Microbiome Project has revealed that the total human microbiome contained between 65 

3,500 and 35,000 species-level taxa, spanning roughly 600 genera (15). More importantly, culture-66 

independent studies brought novel insights linking human health and commensal organisms. 67 

Diseases like obesity, allergies, asthma, and inflammatory bowel diseases are associated with the 68 

presence or absence of certain microbial groups and influenced by the age at which we are 69 

exposed to them (31, 54-56, 69). Distribution of microbial constituents and their genes are not only 70 

linked to disease status, they are profoundly shaped by several factors, including lifestyle, age, 71 

body site and diet history of the studied individuals (5, 16, 39, 53, 66). Currently, sequencing 72 

technologies have advanced to the point where some sequencing platforms are pocket-sized, with 73 

the capability to draw power from and transmit data to a laptop through a USB connection (58). 74 

This opens new avenues for potential applications in public health surveillance in remote settings, 75 

or even monitoring microbial dynamics in microgravity (43, 57).  76 

Without a doubt, culture-independent exploration of the microbiota has led to fundamental 77 

biological discoveries. We now have an expansive directory of human-associated microorganisms 78 

and an appreciation of their putative functions based on reconstruction and annotation of microbial 79 

genomes, but that is not sufficient to fully harness and/or mechanistically tease out complex 80 

microbe-microbe or host-microbe interactions. In this review, we first discuss why culture-based 81 

studies are still relevant in modern microbiology and microbiome sciences, and secondly, explore 82 

the ways in which cultivation can be improved and applied to future studies of the human 83 

microbiota.  84 

Why do we need cultivation? 85 

Renewed interest in cultivation has been motivated by the realization that there are limitations 86 

to profiling and cataloguing the microbiome via sequencing. Microbial ecosystems typically have 87 

an uneven abundance distribution, in which a handful of dominant organisms would co-exist with 88 

relatively high number of rare organisms (46). Low abundance, but biologically relevant 89 

populations may be excluded from sequencing-based analysis for a range of technical reasons. 90 

DNA extraction protocols differ in cell lysis efficiency (40), and that may have a major impact on 91 

the recovery of genomic content from difficult-to-lyse organisms within the specimen. As noted by 92 

Fiedorová et al, finding one extraction protocol capable of sufficiently lysing gram positive bacteria 93 

and fungi in hyphae, yeast or spore forms is challenging as the cell wall of these microbial forms 94 

are more resistant to degradation (19). The success of amplicon-based sequencing is highly 95 
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dependent on the choice of primers. Primer pairs targeting different regions of the 16S rRNA gene 96 

can generate different community profiles, leading to inaccurate assessment of bacterial diversity 97 

of the sampled site (12). Sequencing depth  is another key determinant in identifying the 98 

constituents that make up the human microbiota (7). For instance, if there are 1014 99 

microorganisms in the intestines, a 16S rRNA amplicon sequencing run that generates 500,000 100 

reads would capture five bacterial cells in every billion with the assumption each cell carries one 101 

copy of the 16S gene (23). The detection threshold for amplicon-based sequencing of frequently 102 

used sequencing methods is estimated to be 106 microbial cells per gram of stool (35). Patterns 103 

reported in such studies are likely limited to signatures of high or moderately abundant organisms 104 

linked to a particular physiological state. Yet, rare organisms can serve as the keystone species in 105 

regulating the functioning of host-associated environment (27). In contrast, culture-based methods 106 

can achieve high level of sensitivity via rounds of in vitro selection and enrichment to enable the 107 

capture and characterization of the minority microbial populations (45). Even bacteria present at 108 

<103 cells per gram of stool can be detected by cultivation (35). 109 

Aside from bridging the gap in detection bias, cultivation efforts can also inform taxonomic and 110 

functional assignments of short sequence reads from metagenomic, meta-transcriptomic and 111 

meta-proteomic studies. A critical step in extrapolating community-, species- or strain-level 112 

information from the entire genomic content of any human-associated microbe is the alignment of 113 

sequences to reference databases, such that genes that co-vary with environmental or host traits 114 

can be precisely binned and annotated into functional or taxonomic clusters. However, of all the 115 

bacterial genomes deposited in the NCBI database less than 4% belong to commensals of the 116 

human gut because historically the focus of many genomics studies was on pathogenic, antibiotic-117 

resistant bacteria, which are over-represented across multiple microbial databases (71). Thus, it is 118 

not surprising that more than half of the reads from a typical human gut metagenome cannot be 119 

mapped to existing bacterial reference genomes (68). The roadblock in data mining can be 120 

attributed to the absence of well curated, high-quality bacterial reference genomes. Finer-scale 121 

analyses of the microbiome, including, SNPs and strain variations, rely heavily on the coverage 122 

and quality of reference genomes. Bacterial genomes can be generated from de novo 123 

metagenomic assembly of a mixed microbial community, but they are more likely to be incomplete 124 

or may represent chimeric species populations in comparison to those generated from pure 125 

cultures (51). Hence, isolating and growing individual organisms for whole genome sequencing is 126 

still invaluable for expanding existing databases, and this resource will make it much easier for 127 

researchers to determine which organisms are present within a population and interrogate their 128 

role in disease.  129 

Datasets from extensive high-throughput sequencing efforts and corresponding metadata 130 

have unravelled a plethora of host-microbe associations related to metabolic interactions, disease 131 
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severity, immune modulation and therapy success. But to help determine cause and effect, and to 132 

narrow down on constituents of the microbiome that mechanistically link to a specific host trait, 133 

cultivation of individual strains or a well-defined consortium for further in vitro or in vivo 134 

experiments in animal models is required. By co-culturing a synthetic consortium of 14 putative 135 

fiber-degrading bacteria in a bioreactor spiked with prebiotic inulin, and removing one species at a 136 

time, Gutiérrez and Garrido were able to tease out complex cross-feeding patterns and identify 137 

which species are key for the production of diet-derived metabolites that have immunomodulatory 138 

properties with health implications (21). Without the means to isolate and reliably culture 139 

commensals from the gut, it would be almost impossible to validate that a cocktail of 17 Clostridial 140 

strains, or supplementation of their short-chain fatty acid byproducts, can induce regulatory T cell 141 

responses and attenuate disease in models of colitis and allergic diarrhea, as shown by Atarashi 142 

et al. (3). This study, among many others, draws attention to the fact that organisms that live in 143 

and on us are an underexplored resource of probiotics or natural products for therapeutic 144 

purposes. Pure cultures can also help map out complex diet-host-microbe interactions. Culture-145 

based assays have shown that specific strains of Eggerthella lenta are able to inactivate the 146 

cardiac drug digoxin (63), and that dietary arginine can reduce microbial metabolism of digoxin in 147 

vivo, with consequences in drug bioavailability (22). Implications of such cultivation-based findings 148 

suggest that personalized dietary guidelines coupled with an assessment of patients’ microbiomes 149 

may be useful for guiding medication regimes. These studies demonstrate that an extensive 150 

culture collection offers flexibility in experimental validation of sequence-based predictions, and 151 

ultimately, opens new therapeutic options.  152 

Why microbial cultivation is a dying art 153 

As high-throughput meta-omics approaches become indispensable for exploring the 154 

composition and functional properties of microbial ecosystems, culture-based methods are often 155 

perceived as an old-fashioned technique that has fallen by the wayside. This was perhaps 156 

perpetuated by “the great plate count anomaly” which showed that only a fraction of 157 

microorganisms observed microscopically could be propagated and identified on a petri dish (67), 158 

however the popular belief that only 1% of microorganisms can thrive in the laboratory settings is 159 

not entirely true. First, it must be noted that the 1% number refers to the totality of bacteria on 160 

earth, not the human body. When referring to mammalian systems, many are in fact culturable, 161 

especially intestinal microorganisms of human and mouse origin. Lagkouvardos et al., determined 162 

that 35-65% of species detected by sequencing have representative strains in culture (37), but 163 

growing them in anaerobic chambers is space and time-prohibitive for many researchers. To put 164 

things into perspective, Lagier et al., required more than 70 different culture conditions to identify 165 

340 species of bacteria in human stool (35). The authors determined, however, that the number of 166 
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culture conditions does not necessarily scale linearly with the number of unique taxa. In fact, 73% 167 

of the identified species could be recovered by 20 culture conditions (35). Nonetheless, isolating 168 

all the unique colonies on this subset of conditions for pure culture is undeniably an elaborative 169 

process. The study by Lagier et al., illustrates that the growth of many organisms cannot be 170 

supported by a single artificial media, instead requiring various optimized media containing 171 

essential growth substrates present in the microbe’s native environment which can be difficult to 172 

source or formulate. Soon after primary isolation and cultivation, organisms of interest should be 173 

appropriately archived, e.g. storage in cryoprotectant below -70°C. The number of passages from 174 

the original culture should be minimized to reduce the possibility of phenotypic variations and 175 

genetic drift (16), as microbial adaptation to artificial culture media may skew the interpretation of 176 

downstream in vivo or in vitro characterization. When dealing with multiple organisms with 177 

different growth rates and nutrient requirements, setting up frozen cultures for long term storage 178 

and timely management of stock and working cultures for ongoing experiments can be 179 

challenging. In many ways microbial cultivation is an art and a craft, in stark contrast to genomic-180 

based tools with defined protocols and code. 181 

Another bottleneck, and often costly step in culture-based studies from mixed communities, is 182 

the identification and classification of organisms among the numerous cultures produced. 183 

Traditionally, this process involves PCR amplification and sequencing of the 16S rRNA gene of 184 

individual bacterial colony, followed by assigning the sequence to a species based on known 185 

references. In routine clinical microbiology laboratories, this approach has been slowly replaced by 186 

MALDI-TOF mass spectrometry (2), which profiles bacterial proteins from whole cell extracts and 187 

the resultant fingerprint would then be matched against a reference database for identification. 188 

This method has proven to produce fewer incorrect identifications and has a quicker turnaround 189 

time than 16S-based sequencing (70). Lagier et al. were the first to implement this mass 190 

spectrometry approach to the study of human gut microbiota, and accomplished the classification 191 

of 901,364 colonies from 1,057 bacterial species (36). Despite the laborious nature of isolating 192 

and identification of bacteria, independent investigators have discovered hundreds of novel 193 

human-associated organisms through culture-based methods (8, 20, 36), and more importantly, a 194 

portion of these organisms’ identities and genes cannot be fully resolved by sequencing the stool 195 

sample directly. Together, these studies highlight how culturing can complement high-throughput 196 

sequencing, and that the combination of both culture-dependent and culture-independent 197 

approaches may allow investigators to have a more comprehensive understanding of the 198 

organisms present in a given context.  199 

What is needed to advance cultivation? 200 
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Modernizing cultivation is the key to encouraging researchers to incorporate this methodology 201 

as part of the pipeline for routine microbiome analysis. Not all laboratories have the means to 202 

generate more than 70 growth conditions, and this calls for better culture media design to 203 

streamline the recovery of organisms from the gut or other bodily surfaces. Enriching commercially 204 

available media with animal-derived products such as sheep blood and rumen fluid, which mimics 205 

the complex nutrient environment of the intestines, has shown to be critical for isolating new 206 

species and the overall success of large-scale cultivation studies of the gut microbiota (36). 207 

However, fresh rumen fluid, for example, used in media preparation is typically sourced from 208 

fistulated cows that require special maintenance, and has limited shelf life.  Although  promising 209 

data suggested that freeze-dried rumen fluid is nearly as effective as fresh, while remaining stable 210 

at room temperature for months (17), commercial production and distribution of this valuable 211 

supplement are lacking. Dedicated research and development of media supplements are needed 212 

to meet the increasing demand for culturing organisms from a wide range of specimens. The 213 

availability of sequenced genomes now provides opportunities to formulate customized culture 214 

media for isolation of fastidious and/or host-dependent organisms. Investigators have begun to 215 

incorporate genomic analysis and metabolic modelling to predict the nutrient requirements of 216 

targeted organisms (4, 49, 61). In the absence of sequenced genomes, computational mining of 217 

the existing culture media catalogue and respective organisms that thrive in each media can 218 

reveal substrate preferences across the tree of life and nuances that differentiate closely related 219 

species (48). This approach enabled the development of an algorithm that predicts media 220 

formulation given an organism’s 16S rRNA sequence, and more importantly, this web-based 221 

resource is now available to the public (48). Future cultivation efforts can leverage this media 222 

recommendation platform to guide media development for isolating highly sought after but difficult-223 

to-culture organisms.     224 

As the focus of human microbiome research shifts from association to establishing causation 225 

and molecular mechanisms, acquiring the candidate organisms identified by sequencing-based 226 

approaches will be a critical step for mechanistic inquiry. Recovering a single organism within the 227 

mixed community is akin to finding a needle in a haystack. The odds are stacked against the 228 

species of interest, especially if they are a slow-growing, minority member of the microbiota. 229 

Having the right growth media is not sufficient to guarantee cultivation success in this instance. To 230 

prevent the bloom of undesirable organisms that might compete for the same nutrients within the 231 

culture media, unconventional cultivation strategies have been implemented in recent studies to 232 

boost the selection of distinct organisms. Bacteriophages with potent bactericidal activity can be 233 

added to culture media instead of narrow-spectrum antibiotics for targeted removal of problematic 234 

fast-growers. Many phages are only effective against a specific bacterial host, therefore their 235 

presence has less interference with the recovery of other members in a microbial community than 236 

Downloaded from journals.physiology.org/journal/ajpgi at Cedars Sinai Med Ctr (192.231.086.010) on September 30, 2020.



supplementing the media with antibiotics (13). Others have used ethanol pre-treatment of human 237 

stool prior to cultivation, which has shown to be highly effective in recovering spore-forming 238 

bacteria instead of vegetative cells that may dominate a primary specimen (8), and the success of 239 

this approach highlights the importance of sample preparation in certain research contexts. Other 240 

creative approaches include the use of antioxidants such as ascorbic acid or glutathione for 241 

quenching oxygen and facilitating growth of anaerobic organisms in aerobic environments (34). 242 

Addition of these supplements in the sampling process or transport media may help promote the 243 

revival of oxygen-sensitive species in the laboratory. The examples described above have 244 

combined pre-existing culture media with new strategies to isolate targeted organisms. 245 

Innovations are not only needed in media design, creative ways to preserve, enrich or deplete 246 

specific populations are equally important to advance culture-based studies. 247 

On the technical front, space constraints and low-throughput are the biggest hurdles in 248 

cultivation efforts. Petri dishes, flasks and culture tubes have been the workhorse for microbial 249 

cultivation in the past hundred years, but these traditional platforms are not conducive for 250 

extensive characterization of specimens that are densely colonized by thousands of unique 251 

species. Currently, there are a number of systems being developed that have the potential to 252 

bypass the cumbersome nature of traditional vessels. Advances in microfluidics have made it 253 

possible to encapsulate individual organism and culture media into microdroplets or gel particles 254 

(28, 29, 42). These approaches partition single-cells into miniaturized growth chambers and create 255 

a higher-throughput cultivation platform. This concept of compartmentalization also addresses the 256 

issue of competition and antagonism among the mixtures of organisms cultured together in the 257 

media and gives otherwise difficult-to-grow species the opportunity to expand to larger densities 258 

and increase the probability of subsequent detection. Although these automated platforms were 259 

intended for drug discovery and identification of organisms in environmental samples, the 260 

technology can be applied to human specimens to achieve similar goals. Given the footprint of 261 

these encapsulation systems, they are more suited for characterizing aerobic or aerotolerant 262 

organisms due to limited bench space within the anaerobic chamber. To address this issue, array-263 

based miniaturized diffusion chambers with hundreds or thousands of microwells are in 264 

development which may be more appropriate for handling samples dominated by anaerobic 265 

species. The ‘isolation chip’ and ‘micro-Petri dish’ are examples of highly portable micro-culture 266 

chips that contain ultra-small compartments for isolating organisms within a mixture while allowing 267 

for passage of nutrients supportive of their growth (6, 25, 47). By adjusting the dilution of 268 

specimen, these chips can capture an individual bacterial cell into each compartment and 269 

encourage clonal expansion. A variant of the isolation chip has shown success in isolating novel 270 

anaerobic species of the human oral microbiome (65), suggesting micro-well arrays are a 271 

promising tool for cultivating organisms from human-derived specimens. Microfluidic organ-on-a-272 
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chip systems are another platform for keeping oxygen-sensitive organisms alive. The latest 273 

iteration of the gut-on-a-chip from Jalili-Firoozinezhad et al. allows precise control and 274 

measurement of the hypoxic environment within the chip, which enables the co-culture of 200 275 

different aerobic and anaerobic organisms with human intestinal epithelium (26). These features 276 

point to the utility of chip-based platforms in the study of mixed species biofilm formation in healthy 277 

and disease states, and bypass the need for large bioreactors to mimic the physicochemical 278 

properties of mammalian gut. An added benefit of the organ-on-a-chip system is the feasibility of 279 

assessing microbial influence on any human cells that line the microfluidic device, making for an 280 

attractive platform for mechanistic interrogation of host-microbe interactions, and modelling 281 

disease development with individual strains or a consortium of candidate strains. 282 

 Ultimately, one of the major goals of establishing a culture collection is to facilitate the 283 

discovery of functions and targets within the microbiome for therapeutic applications. There is a 284 

great need for complementary tools specialized in i) rapid detection and propagation of micro-285 

colonies and, ii) phenotypic screening of desired traits following primary isolation. A seamless 286 

cultivation pipeline that bridges innovative culture formats with rapid identification, e.g. MALDI-287 

TOF mass spectrometry, requires an automated system that is compatible with miniaturized 288 

growth chambers, such that picking and propagating micro-colonies can be more efficient. 289 

Combining these discrete steps in microbial cultivation in an automated platform would resolve the 290 

throughput issues of culture-based work in a range of contexts. In terms of functional 291 

characterization, multiplex phenotyping is an attractive option to validate microbial function in vitro. 292 

The Biolog microplate is an example of a high-throughput functional assay that exploits a 293 

colorimetric reaction to measure the response of an individual bacterial or fungal strain, or 294 

microbial community, to a large and diverse range of nutrients and chemicals (64). If desired, 295 

thousands of phenotypes may be monitored simultaneously using the different plates which can 296 

be grouped as those that measure carbon utilization (30), nitrogen, phosphorous and sulfur 297 

metabolism, response to different pH conditions and pharmaceuticals (32), and biosynthesis or 298 

degradation of small molecules (1). When dealing with a mixed community, integrating high 299 

resolution ORBITRAP mass spectrometry to the pipeline may serve dual purpose. This 300 

metaproteomics approach not only can achieve species- or strain-level identification (18, 62), but it 301 

has the potential to identify the metabolically active organisms within a consortium. 302 

Expectations for the next decade 303 

In the past decade, rapid generation of multi-omic datasets have been instrumental in 304 

unveiling the metabolic potential of our microbial selves. The human microbiota remains an 305 

untapped resource for biomedical applications as our data collection abilities far surpass the ability 306 

to capture and validate the putative functions of microorganisms in vitro and in vivo. Advances in 307 
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microfluidic cultivation or multi-well culture chips, and high-throughput identification of isolates hold 308 

great promises in overcoming the bottlenecks of current cultivation practices. Combining these 309 

technological breakthroughs with careful considerations in sampling strategy, transportation and 310 

custom-designed media will allow culture-based experiments to be more accessible to microbiome 311 

research. Both sequencing- and cultivation-based assays have their own limitations, advantages 312 

and utilities (Table 1). The current challenge is to seamlessly integrate both arms of investigation 313 

such that our understanding of microorganisms in health and disease can be translated to clinical 314 

care. 315 

Table 1. 316 

 Culture-based approaches Sequencing-based approaches 

 Advantages Disadvantages Advantages Disadvantages 
Throughput and 
sensitivity 

Can be highly 
sensitive and identify 
low abundance 
organisms.(35, 45)  

Low throughput. 
Specimens have to 
be processed shortly 
after sampling. 

High throughput. 
Samples can be 
processed in big 
batches. 

Potential bias due to 
DNA extraction 
method, primer 
choice and 
sequencing depth. (7, 
12, 40) 

Detection Captures the viable 
and potentially 
metabolically active 
fraction of the 
microbiome. (59) 

Organisms can only 
be detected if the 
right growth 
conditions are 
provided. Requires a 
priori information on 
nutrient availability in 
the sampled site and 
substrate preferences 
of the targeted 
organisms. (8, 36) 

The pipeline can work 
without extensive a 
priori knowledge on 
what organisms might 
be present in a given 
specimen. (41, 52) 

Both live and dead 
cells are included in 
the readout. 

Reagents, 
consumables and 
equipment 

Growth media and 
consumables are 
relatively inexpensive. 

Specialized 
equipment is needed 
when working with 
oxygen sensitive 
organisms. 
Growth supplements, 
e.g. rumen fluid, may 
be difficult to access. 

Commercial kits and 
reagents are widely 
available. Sequencing 
itself can be 
outsourced to core 
facilities or third-party 
service providers. 

Large data requires 
computational power, 
storage and time. 
This can present a 
bottleneck. (33)  
 
Cost increases with 
sequencing depth. 

Applications Useful for 
mechanistic studies 
and development of 
therapeutics based 
on live organisms or 
microbial products. 
(3, 22) 
 
Findings can inform 
reference databases 
to further sequencing-
based assays. (71) 

Rigorous screening, 
testing standards and 
strict regulatory 
guidelines may be 
required for 
microbiome-based 
therapies. (11) 

Useful for hypothesis 
generating studies 
and screening 
purposes. 

 
Useful for informing 
machine-learning and 
AI computational 
modelling. (10, 60) 

Cannot differentiate 
causality vs. 
association in most 
cases. 

 317 
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Table 1. 

 

 Culture-based approaches Sequencing-based approaches 

 Advantages Disadvantages Advantages Disadvantages 

Throughput and 
sensitivity 

Can be highly 
sensitive and 
identify low 
abundance 
organisms.(35, 45)  

Low throughput. 
Specimens have to 
be processed shortly 
after sampling. 

High throughput. 
Samples can be 
processed in big 
batches. 

Potential bias due to 
DNA extraction 
method, primer 
choice and 
sequencing depth. 
(7, 12, 40) 

Detection Captures the viable 
and potentially 
metabolically active 
fraction of the 
microbiome. (59) 

Organisms can only 
be detected if the 
right growth 
conditions are 
provided. Requires a 
priori information on 
nutrient availability in 
the sampled site and 
substrate 
preferences of the 
targeted organisms. 
(8, 36) 

The pipeline can 
work without 
extensive a priori 
knowledge on what 
organisms might be 
present in a given 
specimen. (41, 52) 

Both live and dead 
cells are included in 
the readout. 

Reagents, 
consumables 
and equipment 

Growth media and 
consumables are 
relatively 
inexpensive. 

Specialized 
equipment is needed 
when working with 
oxygen sensitive 
organisms. 
Growth 
supplements, e.g. 
rumen fluid, may be 
difficult to access. 

Commercial kits 
and reagents are 
widely available. 
Sequencing itself 
can be outsourced 
to core facilities or 
third-party service 
providers. 

Large data requires 
computational 
power, storage and 
time. This can 
present a bottleneck. 
(33)  
 
Cost increases with 
sequencing depth. 

Applications Useful for 
mechanistic studies 
and development of 
therapeutics based 
on live organisms or 
microbial products. 
(3, 22) 
 
Findings can inform 
reference 
databases to further 
sequencing-based 
assays. (71) 

Rigorous screening, 
testing standards 
and strict regulatory 
guidelines may be 
required for 
microbiome-based 
therapies. (11) 

Useful for 
hypothesis 
generating studies 
and screening 
purposes. 

 
Useful for informing 
machine-learning 
and AI 
computational 
modelling. (10, 60) 

Cannot differentiate 
causality vs. 
association in most 
cases. 
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