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Abstract  

 Archaea, being classified as its own separate domain only within the past fifty years, has 

earned a reputation of being notoriously difficult to culture in a laboratory setting. Because of 

this, their functions in ecosystems and potential for use in bioremediation is largely unknown and 

untapped. In order to further develop methodologies to successfully cultivate these microbes, an 

analysis of past research is needed to help understand where to lead research. After analyzing 

past studies on archaea and recalcitrant microbes as a whole, it is found that other factors are 

often overlooked and a label of recalcitrance is added. This leads to a cycle with uncultured 

archaea not having primers that amplify them, which leads to measures of archaeal diversity as a 

whole being inaccurate. Further research developments based on past successes are necessary to 

determine the previously untapped potential of archaea.  
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Introduction 

 The discovery and classification of archaea broadened the scope of microbiology by 

introducing a third domain of life. Biology had previously categorized organisms into two 

different branches of life- prokaryotes and eukaryotes. Prokaryotes are single celled organisms 

that can be both pathogenic and beneficial to other organisms, where eukaryotes contain larger 

organisms and cells with membrane-bound organelles, and now a third domain of life, archaea, 

that did not fit into the previous two categories. Archaea are unicellular organisms lacking 

membrane-bound organelles like prokaryotes but are distinctly different in their chemical 

composition and behaviors. Archaea is a unique domain because, unlike the microbes in the 

other two domains, there is little known financial gain to growing them, and they are not known 

to directly harm or benefit human health.  

 More recently, a specific group of archaea have become of interest to scientists thanks to 

their ability to oxidize nitrogen in their environments, which is of interest to both naturalists and 

microbiologists alike. The ability to take a substance that is so detrimental to other organisms 

and convert it into a less toxic substance is an intriguing venture into using archaea as a potential 

for bioremediation of polluted ecosystems. These nitrogen-oxidizing archaea, known as 

Thaumarcheota, have been found in all environments, spanning from common agricultural soils, 

to extreme conditions, deep in the ocean, to even the dust circulating the globe thanks to jet 

streams. To fully capitalize on the potentials this phylum can reach, a deeper understanding of 

archaeal research and history is necessary to further progress the field.  

First, an understanding of the difficulties of growing this notoriously recalcitrant type of 

cell needs to be reached in order to push towards a more effective method for laboratory growth. 
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Understanding how diversity is measured in archaea allows for increased knowledge about 

specific types of archaea and further comprehension of archaeal roles. This literature review 

allows for deeper comprehension of common struggles in culturing archaea in laboratory settings 

to further progress an understanding into the unique and necessary role archaea play in an 

ecosystem.  

Research Questions 

Why are some microbes recalcitrant to growth? 

 

How are primers chosen for Polymerase Chain Reaction (PCR)? 

 

How is archaeal diversity measured? 

 

Methodology 

 Initial research was conducted to formulate the premise of this literature review and 

establish a background. Literature was chosen deliberately to avoid bias, avoid redundancy, and 

continue to refine and answer research questions. Some papers were found to be using their 

research in efforts to advertise a product a laboratory was developing, so those were purposely 

not chosen. Literature comparing various products without incentive was used. Some papers had 

a section added after the conclusion asking researchers to express bias. Only papers proclaiming 

no bias were utilized. 

 Searches were conducted via scholarly databases using keywords from research 

questions. Articles were chosen based on their relevance to this literature review, as well as the 

recency of each publication as microbiology is a quickly changing field. Some papers that are 
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older were included because of the revolutionary discoveries about archaea and served as a 

crucial case study to provide background information that shaped this literature review.  

 Papers were chosen according to how often they were cited in other publications as a step 

to ensure credibility. In some cases, looking into papers that cited the initial article allowed for 

more recent papers with novel discoveries to come to light.  

 Information from articles that are deemed relevant, unbiased, and credible was laid out in 

a crude outline of a literature review to determine areas in which information was lacking to 

continue to supplement this literature review so that it may serve as background information for 

researchers continuing to study archaea and the role they play in various ecosystems.  

 

Literature review: Why are some microbes recalcitrant to growth? 

Previous perceptions 

Archaea were believed to grow exclusively in extreme environments, with conditions 

impossible to replicate in a lab due to severe chemical, temperature, or barometric requirements. 

In 1992 this theory was debunked when testing of coastal waters yielded evidence of archaeal 

DNA. Of the vast majority of DNA that was recovered from various coastal water sites in 

California, up to 2.3% of the DNA found was classified as archaeal, proving that archaea have a 

far more significant presence in mesophilic ecosystems than previously thought (DeLong, 1992). 

Diversifying the sources of inoculum for archaeal research opened new doors to microbiology 

research as the microbes that were previously considered elusive were now more accessible.  
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Utilizing Genetic Identity 

Microbes with specific requirements for growth may seem to struggle to grow in a 

laboratory setting, when in fact, they hold the key to their own growth. As an emphasis in the 

field of omics, or utilizing genetic identity to further research, has boomed, more information 

about requirements for laboratory growth of microbes has come to light. Archaea, though likely 

previously cultured in labs, could not be proven because there were no known gene sequences 

and databases to compare genomes to. Advances have been made in using sequencing to produce 

a better media for microbes and encourage laboratory growth. For instance, sequencing of T. 

whipplei showed that the bacteria lacks genes for amino acid production, leading to a media 

being developed to supplement that deficit within the microbe (Prakash et. al, 2013). Previously 

unknown metabolic pathways can be uncovered to find the best “food” for microbes recalcitrant 

to growth to thrive. Nutrients can also be the downfall of a culture- weed-like microorganisms 

can reproduce in impure cultures and serve as competitors for resources against the targeted 

recalcitrant microbes. Methods to eliminate competitors for resources are being researched. One 

method of growing Thaumarcheota in a laboratory setting added a wide array of antibiotics to 

media in attempts to reduce bacterial competition for resources proved effective (Liu, 2019). 

This technique has been used alongside media that is used specifically for growth to obtain a 

culture of previously recalcitrant microbes.  

Some microbes that are seemingly resisting growth in a lab are not necessarily lacking 

the ability to grow, but more the ability to identify said microbes is lacking. Sequencing more 

microbes leads to the potential of more microbial groups being grown in laboratories to be 

successfully identified and added to databases to serve as a reference strain. As of 2012, it was 

estimated that about 30 phyla of 100 established through a phylogenetic analysis were able to 
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serve as a cultured representative of microorganisms found within nature (Prakash et. al, 2012). 

Other microbes have been found in laboratory settings, but not in cultures pure enough to serve 

as a reference point for future research. Using universal primers that were effective for some 

microbial cultures does not take into account genetic differences that allow for species diversity. 

A primer that searches only for one specific sequencing reduces the ability to amplify DNA or 

RNA that may differ due to different species and growth conditions.  

Though utilizing sequencing has yielded strong results of pure cultures, there is no way to 

account for interspecies relationships, dormant states of bacteria, or other behavioral factors 

affecting growth using exclusively omics to uncover methods of cultivating the previously 

uncultured microbes (Prakash et. al, 2012).  Omics refers to the area of biology that focuses on 

specific molecules, whether that be DNA itself or other chemical portions of the cells, like the 

lipids that make up a cell membrane. Omics provides ample insight into the realm of 

microbiology, but must be considered in tandem with other research efforts to find ways of 

culturing the uncultured. An estimate of diversity of microbes ranges from 3*104 to 3*1012, 

showing that only a small fraction of microbes have been successfully cultured and identified 

using some form of metagenomics (Yarza et. al, 2014). 

Databases compile the various methods of combining omics and culture techniques to create 

isolated and pure cultures, allowing researchers to compare and contrast data about DNA 

sequences. 

Time 

Many previously isolated microbes are fast-growing, which makes them appear more 

accessible to researchers. Though the speed of replication from bacteria varies depending on 

other environmental factors, more is known and identified about those that replicate more 
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quickly. For instance, E. Coli doubles about every twenty to thirty minutes during room 

temperature conditions, making it an organism with less complex needs to maintain studies for. 

Less is known about microbial species that take longer to grow, causing difficulties in running 

sequencing on these organisms (McCully et. al, 2023). Special nutritional requirements for 

microbes may aid in reducing competition from microbial weeds, such as double emulsions of 

nutrients. This is taxing for researchers and not as cost effective, making it more complex for 

researchers to grow these organisms. Archaea, being notoriously slow to grow, are a prime 

example of microbes that are often discounted as being recalcitrant to growth. The closest 

archaeal relative to eukaryotes, Candidatus Nanohaloarchaeum antarcticus, took over 12 years of 

enrichment efforts and research to yield results (Lewis et. al, 2020). Further research into fine-

tuning conditions ideal for growth and a modified perception of anticipated time changes the 

narrative that microbes are recalcitrant to growth altogether, and in fact may just have more 

specialized needs.  

Pure Cultures 

Cultures with archaeal DNA are enough to prove a presence of archaea in various 

ecosystems, but not as beneficial for further unpacking the role they play. Microbes that are 

seemingly recalcitrant to growth may just be in mixtures and difficult to isolate as a pure culture. 

Pure cultures allow statistical certainty of results from experiments, as the experiment is now 

able to be duplicated (Lewis et. al, 2020). There are believed to only be about 11,000 pure 

cultures of all bacteria and archaea, which leaves endless microbes with unknown impacts 

because results cannot be successfully duplicated (Yarza et. al, 2014). Various methods, 

spanning from utilizing omics to specific tools designated for pure cultures, are being studied in 

efforts to increase the number of pure cultures available for research. 
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Figure 1 

 

The table above (Figure 1) shows effective methods of growing previously recalcitrant 

microbes in a laboratory setting, with an emphasis on isolating cultures to be pure (Prakash et. al, 

2012). Optical tweezers are a method of physically separating cells from each other, allowing a 

single cell to be placed into a culture. A small laser is used to separate the cells from each other 

and reduces the likelihood of contamination from a researcher or environmental conditions. 

Other methods tested were simulating a natural environment and modifying the media of 

recalcitrant microbes to imitate their inoculum source, whether that be in the composition of the 

media or utilizing a diffusion chamber to get closer insight into microbial behaviors.  

Though many worked for culturing these microbes, many were dependent on other 

species or an emulation of a natural environment. When trying to replicate interspecies 

relationships within a laboratory, oftentimes the sample ends up mixed, so the DNA of a one 

specific culture cannot be accurately updated to databases.  
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Literature review: How are primers chosen for archaeal PCR? 

What are primers? 

 Primers are necessary for polymerase chain reactions, which makes it possible to take 

cells of a sample and create millions of copies of DNA so they can be further studied. In PCR, 

cells are heated up to break the bonds between DNA. Primers are added to target a desired 

portion of the DNA to replicate. The primers adhere to the targeted section and encourage DNA 

polymerase to occur. The primer extends onto the DNA, creating new strands. This cycle repeats 

20-40 times, each time doubling the amount of DNA in a sample.  

In PCR there are normally at least two primers chosen, one working forward and one 

working in reverse. The forward primer begins working on one strand of the DNA, the 3’ end, 

and the reverse primer works on the opposite 5’ end. The opportunity to utilize two primers can 

add more variance to which traits are highlighted and can further play into why having diverse 

primers is so important to archaeal research.  

 

16S rRNA 

16S rRNA is a gene that is often used in primers to amplify a specific portion of DNA. 

During a Polymerase Chain Reaction (PCR), DNA is separated into two different strands from 

its original double helix. A primer is used to provide a starting point for DNA polymerase, where 

the DNA is replicated off of the primer onto an original strand. 16S rRNA is a portion of DNA 

that is commonly chosen to be amplified in archaeal PCR. It takes genetic information from a 

subunit ribosomal RNA gene that can serve as both a universal primer, and one that is specific 

for archaea (Yarza et. al, 2014). There are currently more than 4 million entries of species 
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identified via the 16S rRNA gene, as portions span from life containing eukarya and prokaryotes, 

to archaea specifically. 16S rRNA is found in all prokaryotes and archaea, and contains portions 

that are variable, allowing for isolating a specific species’ strain of DNA or allowing for 

sequence mismatches that can yield a new species (Lewis et. al, 2020). However, difficulties 

come into play when trying to find a primer that is both accurate and also allows for novel 

discoveries. There is a limited amount of archaeal presence in 16SrRNA databases thanks to 

their tendencies towards specific environments. In a study comparing various primers efficacy 

towards archaea, it was found that the generic prokaryotic universal primer performed the worst 

in terms of archaeal amplification, only yielding Euryarchaeota and Thaumarchaeota, and no 

other known phyla of archaea (Bahram et. al, 2018). Though an effective primer choice, it does 

prove to have a bias towards cultured organisms instead of novel discoveries- an emphasis 

towards proving what is already known instead of what is not. When comparing uncultured 

genuses of bacteria and archaea utilizing this gene, it was found that 98% of bacteria amplified 

successfully, compared to 70% of uncultured archaea (Steen et. al, 2019). Though primers 

utilizing a 16S rRNA gene are one of the most commonly used, there is a push for further studies 

into developing a primer that targets archaea more effectively.  

 

Figure 2 
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This figure from the Bahram paper in 2018 shows the areas of DNA. The areas indicated with a 

V are areas of variable DNA sequencing- this serves as a “barcode” for primers to filter to a 

specific type of archaea. The gray regions are universal, meaning that amplifying that DNA 

would not be beneficial to amplifying an archaea specific portion of the DNA. Primers are shown 

with arrows and letters indicating the name of the primers. Primers aim to adhere to the V1-V9 

regions for more particular species identification.  

Literature review: How is archaeal diversity measured? 

Quantitative PCR 

Quantitative PCR (qPCR) is a step further than traditional PCR, as it not only amplifies a 

specific portion of DNA, but also calculates the concentration of these nucleotide sequences to 

determine the amount present. Emulsions with fluorescent dye are executed, and samples are 

monitored via that fluorescence to determine the concentration (Pabinger et. al, 2014). It is an 

effective method to determine initial amounts of DNA in a sample. However, the efficacy of 

qPCR is typically assumed to be 100%, when in fact, it is often lower (Ruijter et. al, 2021). 

Further steps can be taken to determine the efficacy of the assay prior to running qPCR to 

increase the significance of results. qPCR is also limited to the availability of primers, meaning it 

is only effective for species that have previously been sequenced and updated into databases. 

Functional Gene Analysis 

Functional gene analysis differs from typical gene sequencing. In gene sequencing, 

analysis is done into the specific nucleotide sequence to determine the taxonomy of an organism. 

Functional gene analysis analyzes the traits an organism has instead of the coding behind it. 
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Similar to how media is being catered to specific taxonomies to encourage growth of recalcitrant 

microbes, functional gene analysis is also a resource for separating out species with media. By 

analyzing metabolic pathways, a specific media can be created according to the needs of the 

microbe. In ensuring the growth of only specific microbes according to their metabolic profile, 

no other microbes can grow (Tu et. al, 2014). Eliminating opposing bacteria or archaea 

pertaining to media can show the diversity within an inoculum sample when placed on different 

media. Much like how media can be beneficial to identify bacteria based on what grows on it, it 

can be used similarly for archaea.  

16S rRNA  

  

16S rRNA, when used in PCR, also aids in measuring archaeal diversity. In its use in 

PCR, it  serves to amplify only the DNA containing this sub ribosomal unit. Because this is a 

primer with some areas for variability, it can allow for different taxonomies of archaea to be 

amplified. Databases are more likely to have various sequencing of 16S rRNA, which means in 

amplifying and utilizing qPCR, the odds are high there will be a match of the sample in a 

database. The areas V1 and V2, as shown in figure 2, are most prone to variation within the 16S 

rRNA gene, which makes them a prime target for primers to be developed to (Bahram et. al, 

2018).  Taking the genetic sequencing and comparing the similarities and differences to 

previously updated databases can allow for novel species discoveries. When creating phylogeny 

of organisms, similarities and differences of genes serve as a reference for determining the order 

of evolution of organisms. Comparing and contrasting those differences can lead to 

contextualizing the lineage and phylogeny of a novel species, further broadening the known 

diversity of archaea.  
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Metagenomic Sequencing 

  

Metagenomic sequencing differs from utilizing PCR to measure archaeal diversity 

because it analyzes more DNA present than that of a targeted sample. Samples are taken of areas 

that are known to contain archaea, such as aquatic environments. DNA of all organisms within 

this environment is collected, including the bacteria, archaea, and even viruses. Because 

metagenomic sequencing does not utilize PCR, there are not as many limitations that primers 

unintentionally impose. The ability to look at DNA variety is not limited to the DNA databases 

and primer availability, so it can lead to a more comprehensive understanding of an environment. 

Metagenomic sequencing also eliminates some of the troubles with pure cultures- such as 

interspecies relationships. Analysis of a community can show the metabolic pathways of an 

organism because all aspects of the environment it requires to grow are present. Not only are the 

functional pathways present, but DNA sequencing can also aid in determining taxonomy.  

Single Cell Genomics 

  

 Single cell genomics first isolates a singular cell of a sample to begin a pure culture. 

There are various methods to isolate just a single cell, such as the optical tweezers that are 

mentioned in Figure 1. Optical tweezers focus a laser beam to trap a cell by holding it in the 

light. This is a method especially of use for cells with specific growth requirements, as it allows 

for the utmost precision in isolating the cells. Some success has been found utilizing 

micromanipulators, which allow for extremely delicate movements within a sample. This can be 

used to choose and isolate a specific cell under a microscope (Prakash et. al, 2012). Manual 

separation of cells can be done under microscope and with pipette, which is typically most 

beneficial for cells larger than archaea. Taking a single-cell from an organism and amplifying its 
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DNA ensures a pure culture and can provide a mass of cells of archaea to analyze individually. 

Instead of looking at interspecies relationships or archaea within its natural setting, it lets ample 

analysis of behavior of one specific archaea to provide insight to the roles archaea may play 

within an ecosystem. 

Cultivation Based Approaches 

  

Very similar to functional gene analysis and utilizing genetic identity, cultivation based 

approaches can measure diversity by limiting growth of some organisms according to growth 

media. Cultivation based approaches play upon a factor that a specific microbe needs to grow, 

whether that be a nutritional requirement or temperature. This eliminates some other weed-like 

microbes growing because the cultivation is chosen for one specific microbe- conditions are 

deliberately chosen. This is preferable for measuring diversity because it can take the microbes 

within one sample and with different media and conditions isolate the specific species based on 

what they can and cannot grow on. This results in pure cultures of the various species and an 

analysis of some of the diversity.  

McCully Case Study 

 

In a novel study published in late 2023, the McCully lab studied the role of a double 

emulsion for culturing recalcitrant microbes that can be applied to archaeal research. A double 

emulsion takes a portion of media specific for a target microbe. A cell from said microbe is put 

into the media, and then is coated in an oil to protect the media from contamination. This method 

has been previously used for pharmaceuticals and cosmetics development, but 2023 was the first 

time it was utilized as a method of growth of recalcitrant microbes. Because only a single species 
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is placed into the specific media, it allows for microbe specific growth. Oil serves as another 

layer of protection, yielding greater than 99% purity of cultures (McCully et. al, 2023). The 

method was initially tested with E. Coli as a control, and then other bacteria with specific 

requirements. Desulfovibrio ferrophilus is a recalcitrant bacteria that oxidizes sulfates and was 

successfully grown into a pure culture. Though this method has not been used yet on archaea 

since it is new research, it is a method that can be modified to fit specific archaeal needs and 

produce a pure culture.  
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Conclusion 

 

Archaeal research is something that continues to grow and build off of previous research- 

the story is constantly developing. Why some microbes are recalcitrant to growth is the first step 

of understanding the complex nature behind archaeal research. Taking the findings from the 

DeLong paper that archaea are found all around, not just in extreme environments, drastically 

expanded the field of microbiology since archaea were now easier to access. Analysis of genetic 

identity and insight into the time of experiments can lead to more successful archaea cultivation, 

ultimately resulting in pure cultures. Archaeal primers are chosen based on availability in 

databases, which is continuing to evolve based off of the uncultured becoming the cultured. 

Genetic sequencing of these previously uncultured microbes and updates to known sequencing 

leads back to question one: perhaps microbes are not recalcitrant to growth, there just are not yet 

the correct tools to sequence and identify them. Lastly, archaeal diversity also leads back to 

primer availability. Documenting the pure cultures and increasing inoculum sources adds 

necessary updates of genealogy for updating the potentials of diversity in a singular inoculum 

source. Analysis of the environments of archaea provides insight to the interspecies relationships 

and behaviors of microbes that might aid in culturing the recalcitrant microbes.  

Further research from this project can be taken and applied in a laboratory setting. There 

are so many methods being studied in attempts to culture previously undocumented microbes 

that future research possibilities are endless. This field is ever developing, with successful 

methods used within the last year, such as the double emulsions technique used in the McCully 

paper (2023). The vast majority of life on earth is microbial, and of that microbes full of 

untapped potential. Archaea in particular have unknown potential- whether they are used for 
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bioremediation of polluted environments or play a crucial role within larger organisms is 

something that is yet to be discovered. Archaea, especially Thaumarcheota, are particularly 

special because of the potential significance they can play in cleaning up polluted ecosystems. In 

Iowa specifically, nitrogen-based fertilizers are commonly used on the farmland, contributing to 

dead zones within the Gulf of Mexico or toxins invading water sources within the state. 

Understanding the uses of Thaumarchaeota can be key to fixing the impending crisis of 

unintentional pollution. Deliberate emphasis on expanding archaeal research is the next era of 

microbiology, and it is happening now.  
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