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Abstract 

The health of the terrestrial ecosystems is directly dependent on the microbial composition that 

fulfills essential functions, such as sustaining plant growth, nutrient cycling and carbon 

sequestration. The study of the soil microbiome has gained popularity in the last decades due 

to its significant impact on the health of the environment and its inhabitants. This review 

explores the diversity and functions of soil microbial communities, with a particular focus on 

microbial dark matter, a subset of organisms that cannot be cultured through classical 

microbiological techniques. The evolution of DNA extraction methods and sequencing 

technologies coupled with the transition from amplicon sequencing to metagenome-assembled 

genomes (MAGs) and continuously developing bioinformatic pipelines has led to the discovery 

of novel microbial taxa, community networks, metabolic pathways and potentially useful 

molecules. Soil microbiome research is gaining momentum in Romania, as a big part of studies 

try to assess the impact of agricultural practices on the environment. Designing sustainable 

agricultural practices and implementing them with the goal of preserving the heterogeneity of 

the microbiome contributes significantly to the resilience of ecosystems, preserving the health 

of the environment, as well as the well-being of its residents. 

Keywords: soil microbiome, microbial dark matter, metagenomics, DNA extraction, Next 

Generation Sequencing, amplicon sequencing, metagenome-assembled genomes  

Introduction - The soil microbiome and us 

In the past few decades, there has been growing recognition for the vital links between the 

ecosystem’s health and that of plants, animals and humans. Themed under the umbrella of the 

term “OneHealth”, the fitness of the aforementioned concepts reflects a worldwide objective 

driven by the concerning trends that the environment is subjected to, including climate change, 

emergent antimicrobial resistance, and diseases, as well as challenges related to ensuring food 

safety and security (Nadeu et al. 2023). Primarily, the soil acts as a nutrient storage and supplier, 

a fertile agricultural soil being able to sustain the production of qualitative food for animals and 

humans, all in a high yield. The nutrient content and its variations in the last two decades mirrors 

the global trend of the increasing need for higher quantities of feed along with the rise in 

population. The intensification of agriculture leading to a decline in the organic matter impairs 

the storage of the nutrients, their recycling into plant-available forms and their atmospheric and 

water distribution. The subsequent actions and decisions taken to attain the continuously-

increasing food demand are the main reasons that lead to soil devaluation and successive 

deterioration of ecosystems (Brevik et al. 2020). The association between the ecosystem and 

their inhabitants is finely linked by the colonizing microbial communities. Within a high array 
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of global ecosystems, microbes and especially prokaryotes dominate every habitat they inhabit 

through a high genetic and metabolic diversity, the soil harboring the most complex microbial 

communities out of all the environments (Nadeu et al. 2023). The terms “microbiome” and 

“microbiota” are intertwined, being used to describe microbial communities formed out of 

prokaryotes, fungi, viruses, algae, and protozoans that populate a specific habitat. The 

microbiome also includes the associations formed in these cooperative structures, within and 

outside the community, adding the encompassing environmental conditions (Marchesi and 

Ravel 2015). Microbiome research has rapidly grown in the last decades, especially following 

discoveries linking a dysregulated human gut microbiota to various gastrointestinal diseases 

(Fan and Pedersen 2021). The human microbiome is directly influenced by dietary habits. 

Consequently, the quality of the diet is linked to the agricultural practices, which are, in turn, 

dependent on multiple factors alongside the soil health. A healthy soil is described as a substrate 

capable of sustaining the productivity of plants and animals as well as with promoting their 

health. At the same time, this substrate has the capacity to manage the quality of the water and 

air, having a major contribution against climate change. And as everything is connected into 

the One Health concept, the health of the soil is largely sustained by the diverse accompanying 

microbiota (Banerjee and van der Heijden 2023). The soil microbiome is linked to numerous 

functions, aiding in bioremediation, discovery of antimicrobial substances, and sustainability 

and security of food systems, all of these having implications for the human health (Brevik et 

al. 2020).  

Amidst the introduction of new molecular biology methods, the knowledge regarding various 

microbial communities has significantly increased in the last three decades. The advancement 

of -omics research encompassed the exploration of the complete genetic makeup of the 

microbiota in a culture independent fashion. This branch of study is also known as 

“metagenomics”, term being oftentimes interchangeably and improperly used with 

“microbiome” (Marchesi and Ravel 2015). Comparative to the human microbiome research, 

the study of the soil bacterial communities hasn’t been of much interest to the academic 

community (Stulberg et al. 2016). The interest for this ecological niche has surged over the last 

decade as there has been a dramatic rise in literature regarding the microbiome of the soil, the 

quality and health of soil being directly linked to the agricultural system and thus, all being 

dependent to the indigenous microbiota (Clarke et al. 2020; Hermans et al. 2023).  

The composition of the microbiome and its functions 

The composite microbes of the soil microbiota are represented primarily by bacteria and fungi, 

being followed by archaea, protists and viruses (Bar-On et al. 2018), distinguishing different 

habitats based on the diversity and distribution of species. Examples of such soil regions are 

the bulk soil and the rhizosphere (Xiong and Lu 2022). Among all known microbiomes, the soil 

microbiota is the most complex, with bacterial, fungal and archaeal species being the key 

players through their high metabolic diversity necessary to survive different environments 

(Fierer 2017). The study of the soil microbiome has been burdened by the limiting inability to 

culture most of the microorganisms. In consequence, culture-independent techniques emerged 

as a solution to explore the full extent of microbiota’s diversity (He et al. 2008).  

The microbial abundance of soil is high, being often reported that a single gram can contain 

billions of microorganisms representative of up to tens of thousands of species (Raynaud and 

Nunan 2014; Fierer 2017). Bacterial species are highly abundant in soil, comprising 70-90% of 

the total biomass, with fungi being subsequent, whereas the abundance of archaeal species 

insignificantly higher in extreme environments (X. Wang et al. 2024). In variable abundance, 

the bacterial representatives belong to the phyla Pseudomonadota, Actinobacteria, 

Acidobacteriota, Verrucomicrobiota, Bacterioidota, Planctomycetes, Chloroflexi, and 

Firmicutes.When it comes to fungi, the relative abundance picture is represented in big part by 
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species from the phylum Basidiomycota, the rest being completed by Ascomycota and 

Zygomycota species (Fierer 2017; Delgado-Baquerizo et al. 2018; Labouyrie et al. 2023). The 

culturable bacterial fraction is diverse, being constituted of a significant number (over 88% out 

of the entire bacterial division) of Pseudomonadota species, with Actinobacteria, Firmicutes 

and Bacterioidetes following (Nikolaki and Tsiamis 2013). Whitin a soil sample, the culturable 

fraction is dominated by the Arthrobacter genus (He et al. 2008). On the other hand, rare 

microbial species, although present in relatively small numbers, contribute to more than 65% 

of the diversity within the entire community (Xiong and Lu 2022). Scattered in between 

abundant microbial populations, with great dependence to the niche populated, there is an 

unculturable microbial fraction that plays a huge role in maintaining the balance of the entire 

community. Recognized as the “microbial dark matter”, its role is well-known in the stability 

of the microbiome (Ma et al. 2023). The great heterogeneity and interactions between different 

taxa support the resilience and productivity of the ecosystem. This diversity is seen also on a 

functional level, with the majority of microbial strains performing important environmental 

functions, while a small fraction act as pathogens (Banerjee and van der Heijden 2023). 

As an essential component of soil composition, the vast diversity of microbial taxa mediates 

important and essential functions for the ecosystem, having either direct or indirect impact on 

the environment and its inhabitants. Specifically, the microbiota is capable of sequestering and 

storing carbon from the environment, , playing a big role in mitigating the greenhouse gasses 

and their effect (Dubey et al. 2019; Tao et al. 2023). The microbial diversity aids in the 

degradation of soil organic matter, an essential step in the cycle of nutrients in the environment, 

and by oxidizing organic residues left behind by plants and animals, nutrients are made 

available for the growing plants (Anthony et al. 2020). Fungal and bacterial species, primarily 

from the phylum Actinomycetes and the Bacillus genus target mostly proteins, making nitrogen 

available for other species (Bhatti et al. 2017; Nicolás et al. 2019; Gómez-Brandón et al. 2020; 

Rana Chhetri et al. 2022). The impact of bacteria on plant health and growth is significant as 

they interact with plant roots and aid the formation of beneficial relationships with growth 

promoting rhizobacteria, mycorrhizal fungi, and other microorganisms. Growth promoting 

microorganisms are represented by rhizobacterial species or mycorrhizal fungi found in the 

rhizosphere, root tissue or are integrated into the nodules of plants, that interact with the 

microbiome, either synergically or antagonistically, promoting plant growth through nutritional 

and hormonal balance regulation, aiding in nutrient eased solubilization and uptake along with 

providing resistance against pathogens. Under the influence of stress-inducing factors such as 

high salinity, heavy metal contamination, drought, and flooding, rhizhobacterial strains were 

seen to protect and promote the growth of the plants either alone or in synergy with mycorrhizal 

fungi. Mycorrhizal fungi facilitate water absorption and nutrient uptake, being estimated that 

around 80% of phosphorus is supplied to plants by them. Because of their localization and their 

potential in agriculture, research regarding the inoculation of growth-promoting 

microorganisms is of interest at the moment, as this approach could improve crop productivity 

and quality in a more sustainable way (Nadeem et al. 2014; Lopes et al. 2021). Nitrogen-fixing 

bacteria, such as species from genera Achromobacter, Anabena, Azotobacter, Azospirillum, 

Rhizobium, Bradyrhizobium, Beijerinckia, Clostridium, Frankia, Klebsiella, and Nostoc(Lopes 

et al. 2021) along with mycorrhizal fungi as Funelliformes sp., Gigaspora sp., and Rhizophagus 

sp. (formerly known as the genus Glomus) (Chalk et al. 2006) are featured as key players in 

maintaining soil fertility and sustaining terrestrial ecosystems, inoculi of one or more of these 

species being actively tested (Nadeem et al. 2014). All these microorganism associations 

highlight the intricate relationships between the soil microbiome and plants (Banerjee and van 

der Heijden 2023). Along with nitrogen-fixing bacteria, other species capable of fixing or 

producing derivatives out of phosphorus (Arhtorbacter sp., Bacillus sp., Burkholderia sp., 

Penicillium sp., Pseudomonas sp., Serratia sp., Aspergillus sp., Achromobacter sp., 
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Agrobacterium sp., Erwinia sp., Micrococcus sp., Rhizobium sp.), sulfur (Bacillus sp.) and iron 

(Azobacter sp., Bacillus sp., Fusarium sp., Pseudomonas sp., Serratia sp., Streptomyces sp., 

Burkholderia sp., Enterobacter sp., Grimotella sp.) (Lopes et al. 2021; Banerjee and van der 

Heijden 2023) have a direct role in the biogeochemical cycling of macro- and microelements. 

It is estimated that soil bacteria accounts for the bioavailability of 18 essential elements out of 

29 elements necessary for maintaining plant health (Brevik et al. 2020; Banerjee and van der 

Heijden 2023).  

Another function mediated by the soil microbiome involves conferring resistance to 

aboveground pests, a concept that is gaining interest in the agricultural field (Pineda et al. 2017; 

Pineda et al. 2020). Noteworthy to highlight, by aiding in the formation of soil aggregates, the 

microbiome maintains the soil structure, preventing its erosion and protecting the associations 

between the root system of the plants and the soil as a nutritive substrate (Bergmann et al. 2016; 

Angst et al. 2021).  

In the last decade researchers have investigated the impact of heavy metal soil contamination, 

severe pollution, and the effect of climate change on the normal microbiota. Contamination 

with heavy metals negatively influences the structure of the microbiome, with descending 

relative abundance for species from phyla Nitrospirae, Bacterioidia and Verrucomicrobia (Li 

et al. 2020). Moreover, the relative abundance and species variability are impacted by elevated 

levels of aluminum, variable carbon-to-nitrogen ratios, available phosphorus, and pH levels 

(Hermans et al. 2017). Plastic pollution affects the soil microbiome’s composition, abundance 

and functions by altering the water and carbon availability (Lear et al. 2021). Pesticide usage 

causes a decrease in the microbial population and diversity, and as a consequence, affects the 

nutrient cycling by the mycorrhizal fungi. Nonetheless, human actions affect the soil mainly 

through urbanization, unsustainable agricultural practices and intense cropping. A disrupted 

soil microbiome can affect the soil health and associated functions, with alterations in the 

microbiome potentially acting as a bioindicator of such conditions. Despite the significance and 

need of new pollution bioindicators, research is still in early stages (Banerjee and van der 

Heijden 2023). The various soil microbiome functions along with its disrupting factors are 

depicted in figure 1. 

 

 
Figure 1 – Functions of the normal soil microbiota (left) and factors influencing negatively the 

soil microbiota diversity (right). The microbiome is a major contributor to the health of the soil, 

being associated with the normal growth and development of plants. (Figure created using 

vectors from www.vecteezy.com) 

 

http://www.jemb.bio.uaic.r/
http://www.vecteezy.com/


Review  Mlesnita A.M. (2025) J Exp Molec Biol 26(1):x-xx; DOI: 10.47743/jemb-2025-209 

 

www.jemb.bio.uaic.ro Page 5 of 26 

 

A recent study compared the soil microbial variations and microbial biomass from three sites 

used for urban leisure, traffic and urban agriculture. The researchers observed that the 

agricultural site had the lowest biodiversity of them all but high fungal richness, whereas the 

leisure site represented a stable setting for the development of specialized microbial 

communities and microbial plant symbionts (Christel et al. 2023).  

Understanding the significance of a healthy soil and the interdependence of humans and 

microbial communities might lead us towards a cleaner environment that promotes sustainable 

agriculture and stable ecosystems. 

If it’s too small, it doesn’t mean it’s not powerful: the microbial dark matter 

The study of microorganisms found in the environmental niches primarily focused on isolating 

and characterizing them from a pure culture. The DNA sequencing methods described in 1977 

changed the whole perspective on taxonomical classification of bacteria, transitioning from the 

field of microbiology to that of molecular biology. Phylogenetical studies based on sequencing 

followed shortly as the gene encoding the small subunit of the ribosome was described as a 

feasible taxonomic marker (Woese and Fox 1977; Woese et al. 1990; Nikolaki and Tsiamis 

2013). Although the first bacterial genome was successfully sequenced in 1995, it didn’t take 

long for researchers to try to characterize a bacterial community (Land et al. 2015). Other 

marker genes taken into consideration in metagenomic studies are the internal transcribed 

spacer (ITS) region for distinguishing fungal species and the 18S and 23S rRNA for other 

eukaryotes that compose the microbiota (Pérez-Cobas et al. 2020; Nam et al. 2023). It was a 

great surprise to find out that the already described soil microbiome through culture techniques 

accounted for 1% of the total microbiota found in the environment. The great unculturable 

microbial fraction, recognized as the “microbial dark matter” is being represented in big part 

by archaea and bacteria (Solden et al. 2016; Jiao et al. 2021; Ma et al. 2023). This reservoir of 

newly identified species was described later as a new clade, appointed the name of Candidate 

Phyla Radiation (Hug et al. 2016; Jiao et al. 2021). The identification of previously 

uncharacterized microbes presents a potential resolution to emerging medical and 

biotechnological challenges. Given that the majority of antimicrobial substances discovered in 

the “Golden Age” were of microbial origin, the diverse and numerous species present within 

microbial dark matter became an exciting subject to pursuit in context of combating the 

antimicrobial resistance phenotypes (Ma et al. 2023). Other noteworthy potential applications 

are represented by the bioremediation capacity from soil and water, generation of biofuels and 

agricultural fertilizers as well as the synthesis of disease markers (Nikolaki and Tsiamis 2013). 

The considerate complexity and heterogeneity of the soil microbial dark matter presents 

numerous challenges in the investigation of this ecological community. A number equal to one 

million is estimated to represent the unknown species (Zha et al. 2022). Studying these novel 

organisms require considerable computational resources along with bioinformatic tools capable 

to mine through the data, a significant obstacle being the absence of reference genomes in 

databases.  

How is soil microbiota affected by current agricultural practices 

Because the health of the soil relies on the constituent microbiota, external factors that have a 

negative impact on the microbial communities interfere with the soil’s ability to sustain the 

well-being of plants, animals and humans while also contributing to a cleaner environment. As 

pollution and environmental changes are taking their chance to hinder the soil’s microbiome 

functions, the conventional agricultural practices pose a harmful influence on the long term 

sustainability of food production (Food and Agriculture Organization United Nations 2022; 

Hermans et al. 2023; Nadeu et al. 2023). Practices such as excessive tillage, usage of 

antimicrobial substances, synthetic fertilizers and pesticides with excessive grazing lead to loss 

of biodiversity and homogenizes the microbial community of the soil (as seen in figure 1). 
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Consequently, this leads to soil erosion and compaction as well as pesticide contamination, all 

with a bad prognostic for the future of food (Banerjee and van der Heijden 2023; Hermans et 

al. 2023). Trying to preserve the health of the soil and the high yield of crops, regenerative 

agriculture approaches have been described in recent years taking into consideration the need 

of enhancing crop resilience to environmental stresses. In opposition to traditional agriculture, 

the sustainable agriculture movement is represented by practices such as reduced tillage with 

low or no usage of mineral fertilizers and pesticides. For protecting the biodiversity, the 

recommendations follow that there should be crop rotation practices between fields with 

diversified plants cultivated as well as managing the grazing of livestock towards quick 

recoveries of skimmed soil patches (Hermans et al. 2023). 

Multiple projects have been amended in the last decades in the hope of saving the environment, 

and by this, the soil microbiota that contributes greatly to the agricultural sector. Understanding 

and tackling the potential that the soil microbiome holds are essential for optimizing agricultural 

practices and enhancing crop resistance to environmental stresses in a sustainable manner 

(Nadeu et al. 2023). 

The soil microbiota of Romania – What we know up until now 

Research on soil microbial diversity is currently gaining momentum in Romania. A multitude 

of studies have set the stage for uncovering the microbial complexity of the soil, with a primary 

focus on its implications for sustainable agriculture and the preservation of environmental 

diversity. A great part of research conducted on the Romanian soil microbiome take culturing 

or metataxonomic approaches, bacterial strains being the primary focus of these studies. 

Numerous studies tried to describe the extremophile species from Romania, from either soil, 

sediments, karst or water from habitats defined by severe conditions that don’t allow the 

survival of most organisms (Andrei et al. 2017; Sarbu et al. 2018; Chiciudean et al. 2022; 

Bogdan et al. 2023; Szekeres et al. 2023). A map displaying the geographical coordinates 

associated to the soil microbial studies conducted in Romania is represented in figure 2. 

 

http://www.jemb.bio.uaic.r/


Review  Mlesnita A.M. (2025) J Exp Molec Biol 26(1):x-xx; DOI: 10.47743/jemb-2025-209 

 

www.jemb.bio.uaic.ro Page 7 of 26 

 

 
Figure 2 – Soil microbial studies conducted in Romania between the years 2005-2024. Legend: 

1 - Onet et al. 2024; 2 - Bogdan et al. 2023; 3 - Gafencu et al. 2023; 4 - Steiner et al. 2023; 5 - 

Ghiță et al. 2022; 6 - Chiciudean et al. 2022; 7 - Dușa et al. 2022; 8 - Choma et al. 2021; 9 - 

Dinca et al. 2021; 10 - Matei et al. 2020; 11 - Toader et al. 2019; 12 - Ditu et al. 2018; 13 - 

Sarbu et al. 2018; 14 - Onet et al. 2019; 15 - Ulea et al. 2017; 16 - Gornoavă et al. 2005 

 

For instance, the samples examined from the Sulfur Cave were characterized by the presence 

of Mycobacteria sp., Ferroplasmaceae sp., Acidithiobacillus sp., and Metallibacterium sp. with 

the first taxon being the most abundant (Sarbu et al. 2018). The diverisity of taxons from the 

soil samples collected in the Leșu cave is represented by taxons primarily from the phyla 

Pseudomponadota, Verrucomicrobio, Actinomycetota, Acidobacteriota. Patescibacteria, 

Nitrospirota. The central difference between the different collection sites was the abundance. 

Even though all the samples contained species from the mentioned phyla, their abundance was 

different throughout all the collection sites (Bogdan et al. 2023). 

The rhizosphere bacterial communities of five rare plant species (Adonis vernalis, Opopanax 

chironium, Asphodeline lutea. Paeonia tenuifolia, Potentilla emilii-popii) were investigated 

using a mass spectrometry approach. With a focus on the cultivable fraction of the rhizosphere 

microbiota, the findings indicate that the genera variation among samples was not high. Species 

from genera such as Bacillus, Pantoea, Serratia, Pseudomonas were present in almost all of 

the samples analysed, these microorganisms having a function in mediating the plant growth. 

The outlook of the research states that the discovery of beneficial strains along with microbial 

indicators showcasing the health of the plant might be useful in conservation approaches (Ditu 

et al. 2018). 

Soil pollution is majorly affecting the health of the crops along with their yield. Ulea et al. 

(2017) studied the impact of the agricultural practices and the seasonal variability on different 

soil types from Moldavia region. They took into consideration the abundance and composition 

of bacterial strain as indicators for the health of the soil. Compared on a temporal scale from 
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May to September, the highest bacterial abundance was registered in spring, whilst the lowest 

was registered in autumn. The agricultural practices directly influenced the microbial 

community abundance and dynamics as an undisturbed forest soil presented the highest 

bacterial count, whereas a vineyard soil which was subjected to a set of conventional 

agricultural practices presented the lowest bacterial count. Concluding, the authors state that 

the dynamics and changes in the structure of the soil bacterial population contribute to a better 

management of the agricultural habits, leaning towards a healthier future for the environment 

and promoting sustainable food production (Ulea et al. 2017).  

The majority of studies were based on cultural methods for the identification of bacterial 

species. Consequently, the full picture of the whole studied soil microbiome hasn’t been painted 

yet, as the unculturable fraction accounts for 99% of the whole microbiome. The study of soil 

microbial communities could contribute to developing more sustainable agricultural practices, 

leading to a healthier environment for the future generations. Food obtained through green and 

eco-friendly practices not only reduces the impact of agriculture but also improves the 

nutritional quality, promoting a long-term sustainable system for the food production.  

DNA extraction – the essence of a metagenomics protocol 

Studying the complex microbial communities present in a specific niche has opened doors to 

new insights into their ecological interactions, metabolic capacities, and evolutionary 

processes. The conventional culturing methods can’t give an answer to all the questions that 

arise from a microbial network as they can’t entirely portray its composition. With the advent 

of molecular biology methods, the study of taxa by amplicon sequencing and the field of 

metagenomics emerged answering a considerate number of questions. Metagenomic studies 

generate large quantities of data and even larger challenges to take into consideration, all in 

exchange for creating an almost perfect microbial picture on the canvas of the ecological niche 

and environmental changes.  

A basic metagenomics protocol is described by the acquisition of the sample from the 

environment, extraction of the nucleic acids and their processing, sequencing, and analysis of 

the obtained data. The central step of the pre-sequencing stage consists of the nucleic acid 

isolation, step influencing both the quality and quantity of DNA for successive analysis. A lot 

of attention has been invested in soil DNA extraction methods, primarily due to the 

particularities of each technique and the varying outcomes in dependence to each environmental 

sample taken into analysis. Characteristics of a DNA extraction protocol from soil samples have 

been extensively reviewed by Wydro (2022). The DNA extraction from soil samples can be 

done through indirect or direct approaches. The indirect isolation of nucleic acids involves the 

separation of the cells from the soil sample, followed by their lysis. As eukaryotic cells are 

excluded, the separated organisms are represented by bacteria and archaea. Even though high 

amounts of DNA are extracted, this becomes a disadvantage for downstream analyses. Another 

impediment of this approach is the inability to study eukaryotic sequences and their interactions 

with prokaryotes. Direct isolation of DNA from soil implies the processing of the whole sample, 

the cells present in the soil matrix being lysed. This approach is beneficial for obtaining high 

yields and allowing the analysis of a high number of microorganisms (Wydro 2022). 

A sum of factors that may influence the quantity and quality of the extracted DNA from soil 

samples include the organic content and type of the soil, the lysis method, the samples size, its 

transport and storage until downstream processing (Wydro 2022). The outcomes of a 

metagenomic protocol may also be influenced by the batch effect or the limited number of 

replicates taken into analysis (Child et al. 2024 Preprint). Soil contains a high number of 

impurities. Of interest are the humic acids that can co-precipitate and inhibit the DNA extraction 

process, consequently resulting in the failure of the PCR reaction. The physical, chemical and 

enzymatic lysis techniques employed in extracting the DNA from environmental samples are 
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key determinants of the microbial diversity recovered (Wydro 2022). For example, 

metagenomic studies encounter challenges with the sample preparation process, as it could 

impact the number of lysed cells, mostly affected being the fungal species (Child et al. 2024 

Preprint). Papers comparing different protocols, commercial kits or laboratory developed 

methods have emerged, each test being ran on different types of soil samples, trying to assess 

the best kits in regard of DNA yield, purity and impact on downstream analysis (Plassart et al. 

2012; Santos et al. 2015; Tanase et al. 2015; Child et al. 2024 Preprint; Jensen et al. 2024). 

Table 1 provides a summary of DNA extraction methods and kits reported and compared in the 

literature from the last two decades with emphasis to the soil types taken into analysis. 

Table 1 – Comparison of commercial DNA extraction kits and laboratory-developed methods 

used for soil microbial community analysis, as reported in the literature over the past two 

decades. It summarizes the DNA yields and purity ratios obtained, with reference to the specific 

soil types tested. 

Commercial kit / 

method 

DNA yield A260/A280 

A260/A230 

Soils tested on Reference 

DNeasy® PowerSoil® 

Pro Kit (Qiagen) 

60 ± 21 

ng/mg 

 

N/A 

N/A 

Arable, pasture, 

woodland, 

healthy soil 

 Child et al. 2024 

Preprint 

0.5 - 68-8 

ng/μl 

0.75 - 5.31 

0.01 - 0.4 

Martian soil, mars 

stimulant soil 

Wang et al. 2024 

DNeasy® 96 

PowerSoil® Pro 

QIAcube® HT Kit 

(Qiagen) 

0.16 - 4.20 

μg 

 

1.79 - 2.88 

0.95 - 2.15 

 

Beach sand, clay, 

organic, sand, 

sand-clay 

Jensen et al. 2024 

QIAamp DNA Stool 

Mini KitTM 

(Qiagen) 

4.7 - 54.7 

ng/μl 

 

N/A 

N/A 

Compost, soil, 

mangrove 

sediment, 

decaying coffee 

pulp 

Guillén-Navarro 

et al. 2015 

ExtroSpin® Soil Kit 

(Lvjia Agro-tech Co., 

Ltd) 

0.3 - 0.5 

¼g/g soil 

 

1.69-1.82 

0.08-0.19 

 

Paddy soil, clayey 

soil 

 

Li et al. 2014 

FastDNA™ SPIN Kit 

for Soil (MP 

BioMedicals) 

32 ± 17 

ng/mg soil 

 

N/A 

N/A 

Arable, pasture, 

woodland, 

healthy soil 

 Child et al. 2024 

Preprint 

1914.6-

20333.33 ng 

1.26-1.87 

0.06-0.35 

Woodland 

 

Bollmann-Giolai 

et al. 2020 

2.1 ug/g soil 

 

1.9 ± 0.2 

N/A 

Permafrost 

 

Vishnivetskaya et 

al. 2014 

 3.51 ± 0.03 

μg/g soil 

1.50 - 1.62 

N/A 

Garden soil, 

sewage sludge, 

lake soil, compost 

Devi et al. 2015 

8.39 - 9.33 

ng/μl 

 

2.47 - 2.7 

0.001 

Martian soil, mars 

stimulant soil 

Wang et al. 2024 

1.45-2.26 ¼ 

g/g soil 

1.74-1.84 

1.23-1.52 

Paddy soil, clayey 

soil 

Li et al. 2014 
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Commercial kit / 

method 

DNA yield A260/A280 

A260/A230 

Soils tested on Reference 

FastDNA™-96 Soil 

Microbe DNA 

extraction Kit (MP 

BioMedicals) 

0.02 - 2.91 

μg 

 

2.08 - 3.17 

0.18 - 1.95 

 

Beach sand, clay, 

organic, sand, 

sand-clay 

 

Jensen et al. 2024 

HiPurA soil DNA 

isolation kit (Himedia) 

3.52 μg/ g 

soil 

 

N/A 

N/A 

Agricultural fields 

 

Tanveer et al. 

2016 

Modified HiPurA soil 

DNA isolation kit 

7.35 μg/ g 

soil 

N/A 

N/A 

Agricultural fields 

 

Tanveer et al. 

2016 

ISOIL for Beads 

Beating kit 

(Nippon Gene) 

1.02 - 2.15 

¼g/g soil 

1.77-1.92 

1.17-1.32 

Paddy soil, clayey 

soil 

 

Li et al. 2014 

MagBeads 

FastDNA™ Kit for 

Soil (MP 

BioMedicals) 

38 ± 20 

ng/mg 

 

N/A 

N/A 

Arable, pasture, 

woodland, 

healthy soil 

 

 Child et al. 2024 

Preprint 

Meta-G-NomeTM 

DNA Isolation Kit 

(Epicentre 

Biotechnologies) 

0.06 μg/g 

soil 

 

1.7 ± 0.02 

N/A 

 

Permafrost Vishnivetskaya et 

al. 2014 

Power Lyzer™ 

PowerSoil® DNA 

Isolation Kit 

(Qiagen, formerly 

MOBIO) 

8.7–47.5 

μg/ g soil 

1.8-1.9 

1.5-2.1 

Grassland, arable 

 

Santos et al. 2015 

0-1203.33 

ng 

 

2.02-2.12 

0.82-1.77 

Woodland 

 

Bollmann-Giolai 

et al. 2020 

0.9 μg/g soil 

 

> 2.00 

N/A 

Permafrost 

 

Vishnivetskaya et 

al. 2014 

2.5-3.5 

ng/μl 

 

N/A 

N/A 

Beach sand 

 

Gallard-Gongora 

et al. 2022 

2.47–6.96 ± 

1.56 μg/g 

soil 

1.13–1.64 

1.28–1.58 

Agricultural 

yellow loess soil 

Kathiravan et al. 

2015 

PowerMax Soil™ 

(Qiagen) 

0.8-0.9 

ng/μl 

N/A 

N/A 

Beach sand Gallard-Gongora 

et al. 2022 

SPINeasy® DNA Pro 

Kit for Soil (MP 

BioMedicals) 

40 ± 12 

ng/mg 

N/A 

N/A 

Arable, pasture, 

woodland, 

healthy soil 

 Child et al. 2024 

Preprint 

Soil DNA Isolation 

Kit (NorgenBiotech) 

1.08± 0.18 

μg/ g soil 

2.31± 0.17 

0.29± 0.12 

Rich humic acid 

and clay content 

soil polluted with 

kerosene 

Tanase et al. 2015 

Soil DNA extraction 

kit 

(MACHEREY-

NAGEL) 

14 μg/μl 

 

2.2 

0.86 

 

Loam Basim et al. 2020 
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Commercial kit / 

method 

DNA yield A260/A280 

A260/A230 

Soils tested on Reference 

Soil Master DNA 

extraction kit 

(Epicentre) 

0.79 μg/ml 

 

1.32 

1.21 

 

Rhizospheric soil Fatima et al. 2014 

Zymo Research 

Quick-DNA 

Fecal/Soil Microbe 

Miniprep Kit 

(Zymo Research) 

12 ± 16 

ng/mg 

 

N/A 

N/A 

Arable, pasture, 

woodland, 

healthy soil 

 

 Child et al. 2024 

Preprint 

ZymoBIOMICS1 96 

MagBead DNA Kit 

(Zymo Research) 

0.03 - 1.08 

μg 

 

1.38 - 1.68 

0.03 - 0.07 

 

Beach sand, clay, 

organic, sand, 

sand-clay 

Jensen et al. 2024 

ZR Soil Microbe 

DNA MiniprepTM 

(Zymo Research) 

11.5 - 62.5 

ng/μl 

 

N/A 

N/A 

Compost, soil, 

mangrove 

sediment, 

decaying coffee 

pulp 

Guillén-Navarro 

et al. 2015 

ISO-11063 Standard 

Method 

3.87± 0.23 

μg / g soil 

N/A 

N/A 

Crop soil, forest 

soil, grassland 

Plassart et al. 

2012 

ISOm 19.03± 2.22 

μg/g soil 

N/A 

N/A 

Crop soil, forest 

soil, grassland 

Plassart et al. 

2012 

21.5–43.4 

μg/ g soil 

1.5± 0.010 

1.6-1.8 

Grassland, arable Santos et al. 2015 

GnS-GII 26.26±2.20 

μg/ g soil 

N/A 

N/A 

Crop soil, forest 

soil, grassland 

Plassart et al. 

2012 

8.2–49.7 

μg/ g soil 

1.6-1.7 

1.5-1.6 

Grassland, arable Santos et al. 2015 

Tanase et al. 2015 

modified GnS-GII 

40±6.16 μg/ 

g soil 

1.55±0.05 

0.56±0.05 

Rich humic acid 

and clay content 

soil polluted with 

kerosene 

Tanase et al. 2015 

S 49.38±9,8 

μg/ g soil 

1.52± 0.02 

0.69± 0.02 

SP 75.70±9.4 

μg/ g soil 

0.74± 0.02 

0.38± 0.08 

S-CTAB 25.58±8.62 

μg/ g soil 

1.56± 0.02 

0.62± 0.02 

SDE 468-

2913.33 ng 

1.29-1.45 

0.60 - 0.87 

Woodland Bollmann-Giolai 

et al. 2020 

PEG/NaCl method 0.73 μg/ml 1.26 

1.12 

Rhizospheric soil Fatima et al. 2014 

Mannitol-PBS-

PEG/NaCl method 

2.2 μg/ml 

 

1.81 

1.84 

Rhizospheric soil Fatima et al. 2014 

Mannitol-PBS-PEG 

method 

2.36 μg/ml 

 

1.84 

1.93 

  

Mannitol-PBS-CTAB 2.67 μg/ml 

 

1.85 

2.07 

  

Phenol-chloroform 7.5 - 125.0 

ng/μl 

N/A 

N/A 

Compost, soil, 

mangrove 

Guillén-Navarro 

et al. 2015 
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Commercial kit / 

method 

DNA yield A260/A280 

A260/A230 

Soils tested on Reference 

Enzymatic lysis 7.5 - 75 

ng/μl 

N/A 

N/A 

sediment, 

decaying coffee 

pulp 

 
Lysozyme method 12.5 - 100 

ng/μl 

N/A 

N/A 

Modified enzymatic 

lysis 

0 - 100 

ng/μl 

N/A 

N/A 

Protocol A 10 μg/μl 1.9 

2.4 

Loam Basim et al. 2020 

Protocol B 14 μg/μl 1.6 

0.65 

 (Basim et al. 

2020) 

Protocol D 135 μg/μl 

 

2 

2.2 

  

Manual method 232.42 μg/g 

soil 

N/A 

N/A 

Agricultural fields Tanveer et al. 

2016 

Slurry method 8.6-8.7 

ng/μl 

N/A 

N/A 

Beach sand Gallard-Gongora 

et al. 2022 

Tsai and Olson 1991 

method 

3.38 ± 0.05 

μg/ g soil 

1.33 - 1.48 

N/A 

Garden soil, 

sewage sludge, 

lake soil, compost 

Devi et al. 2015 

7.55 ± 0.73 

μg/g soil 

1.18 ± 

0.015 

0.82 ± 

0.035 

Garden soil, 

domestic and 

cellulose waste 

dumping sites, 

sewage 

contaminated site 

Verma et al. 2017 

Yeates et al. 1998 

method 

3.42 ± 0.04 

μg /g soil 

1.40 - 1.56 

N/A 

Garden soil, 

sewage sludge, 

lake soil, compost 

Devi et al. 2015 

Modified Yeates et al. 

1998 method 

5.87 ± 0.04 

μg/g soil 

1.72 - 1.82 

N/A 

Modified Yeates et al. 

1998 method 

23.62± 4.65 

μg/g soil 

1.23± 0.06 

0.92± 0.04 

Agricultural 

yellow loess soil 

Kathiravan et al. 

2015 

Zhou et al. 1996 

method 

1.29 ± 0.02 

μg/ g soil 

1.14 - 1.29 

N/A 

Garden soil, 

sewage sludge, 

lake soil, compost 

Devi et al. 2015 

19.1±1.74 

μg/g soil 

1.25±0.03 

0.94±0.04 

Garden soil, 
domestic and 

cellulose waste 
dumping sites, 

sewage 
contaminated site 

Verma et al. 2017 

Siddhapura et al. 2010 

method 

8.51 ± 0.93 

μg/g soil 

1.34±0.03 

1.25±0.03 

Garden soil, 

domestic and 

cellulose waste 

dumping sites, 

sewage 

contaminated site 

Verma et al. 2017 

Singh et al. 2014 

method 

1.33 ± 0.16 

μg/ g soil 

1.02±0.01 

1.00±0.01 

Verma et al. 2017 

method 

15.55±0.80 

μg/ g soil 

1.74±0.03 

1.70±0.02 
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Commercial kit / 

method 

DNA yield A260/A280 

A260/A230 

Soils tested on Reference 

Verma and 

Satyanarayana 2011 

method 

11.23 ± 1.0

4 μg/ g soil 

1.48 ± 0.0

30 

1.32 ± 0.0

55 

 

Volossiouk et al. 1995 

method 

9.36 ± 0.60 

μg/ g soil 

 

1.11±0.02 

0.85±0.05 

Bürgmann et al. 2001 

method 

33.8 ± 2.71 

μg/g soil 

1.27± 0.03 

0.86± 0.02 

Agricultural 

yellow loess soil 

Kathiravan et al. 

2015 

Kathiravan et al. 2015 

method 

42.48± 5.59 

μg/g soil 

1.24–1.43 

0.52-0.96 

Agricultural 

yellow loess soil 

 

Kathiravan et al. 

2015 

Porteous et al. 1994 

method 

9.31 - 15.89 

± 1.34 μg/g 

soil 

1.04± 0.02 

0.80± 0.01 

  

 

In 2012, a standardized method for extracting microbial DNA was published under the name 

“ISO-11063: Soil quality - Methods to directly extract DNA from soil”. Although this method 

could be used to isolate bacterial DNA from soil samples, the other microbial species from the 

soil such as archaea and fungi were overlooked. Thus, diverse approaches were explored with 

much greater success in describing all the constituents of the soil microbiota (Plassart et al. 

2012; Terrat et al. 2012; Terrat et al. 2015). By testing different protocols to discover the best 

ones when it comes to capture a snapshot of the soil microbiome, different standard-derived, 

developed in laboratory methods emerged. Two methods that became popular because of the 

results obtained were GnS-GII and ISOm. The ISOm standard is a method derived from the 

last-mentioned international standard that implies the usage of FastPrep® bead-beating (MP 

BioMedicals, USA). Compared with the GnS-GII method that involves the use of the same 

mechanical lysis step and being time consuming, it is more lightweight, meaning it could be 

routinely applied when working with a big batch of samples. The DNA obtained from using 

each method varies in quantity and quality, being much greater than using the standard ISO 

protocol. The authors concluded that the ISOm methods was the best option to use in extracting 

DNA for metagenomic studies, as the GnS-GII method introduced heterogeneity in the bacterial 

composition (Plassart et al. 2012; Terrat et al. 2015). The soil homogenization process was 

described as the most significant step to have an impact on the procedure efficiency (Plassart 

et al. 2012). Despite that applying the FastPrep® bead-beating in the last-mentioned protocols 

provided a higher DNA yield than the standard method, the results differed in between methods, 

with the greatest variations between soil types being registered when working with the GnS-

GII protocol. This method had the highest distinguishing capacity between the soil types, being 

able to assess the heterogeneity of the microbial community accurately even though the yield 

was not the expected one (Terrat et al. 2012).  

As the years passed, the methodology was advancing as the soil microbiome field was gaining 

popularity. Commercially available kits assess a variety of isolation methods to achieve high 

DNA yields, purity and integrity of nucleic acids while maintaining a high throughput and 

reproducibility. Various studies have compared different DNA extraction protocols for 

metagenomics analysis, across diverse soil sample types, such as agricultural, polluted, forest, 

and many more. These comparisons have highlighted the importance of selecting an optimal 

DNA extraction method to ensure accurate microbial community profiling and functional 

information retrieved (Tanase et al. 2015; Child et al. 2024 Preprint). GnS-GII was compared 
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with other modified methods, such as S and S-CTAB. Interestingly, when tested on humic and 

kerosene-polluted soil samples, the S and S-CTAB exhibited superior performance or the 

results were equal to the ones obtained by applying the GnS-GII method, the DNA yield and 

purity being suitable for consecutive analyses. The highest DNA yield was obtained through 

the SP method, being almost two-fold higher than the yield obtained from the GnS-GII, 

although the purity was the lowest. Taking into consideration the higher DNA yield and 

proportionately equal purity when compared with the GnS-GII method, the authors concluded 

that the S method could be a great alternative when studying humic and clay soils (Tanase et 

al. 2015). The GnS-GII and ISOm methods were compared with the Power Lyzer™ PowerSoil® 

DNA Isolation Kit (MoBio Laboratories, Carlsbad, California) to assess their capacity to extract 

the protist DNA from grassland and arable soil samples. Although the GnS-GII and the ISOm 

had good yields of extracted DNA, the MoBio isolation kit had the best yield and purity, with 

reasonable cell-breaking capability and great abundance recovery ability, aspects important for 

describing the small fraction of soil protists, an important component of the microbiome (Santos 

et al. 2015). 

In a very recent study, researchers compared the extraction capacity of five different kits for 

isolating DNA from soil samples taken from a pasture, an arable field, a dry healthy soil, and 

one collected from woodland. Some of the main differences between the samples was the pH 

of the environment along with the organic composition from the substrate. The authors 

compared the kits based on the characteristics of the extracted DNA: yield, purity, integrity, the 

impact on the read length based on the contrast between DNA length and read length, 

taxonomic classification rates based on DIAMOND aligned reads, and the effect of soil 

composition on the last-mentioned aspects. The analysis of the tested kits is summarized in 

table 2.  

Table 2 – Comparison between different soil DNA extraction kits. The analyzed samples were 

representative of a pasture and arable field (neutral soil), dry healthy soil and woodland soil 

(acidic soil). Comparison between these kits could be interpreted from the graphical descriptors: 

↑ - the best results, ● – average results, ↓ - the least favorable results (Child et al. 2024 Preprint) 

Kit name 
DNA 
yield 

DNA 
purity 

DNA 
integrity 

Average 
DNA 
length 

Average 
read 

length 

Decrease in 
average read 

length  

Impact on 
taxonomic 

classif.  

FastDNA™ SPIN 
Kit for Soil 

● ↓ ↑ ↑ ↓ 
High 

decrease 
● 

SPINeasy® DNA 
Pro Kit for Soil ● ● ↑ ↑ ↑ 

High 

decrease 
↑ 

MagBeads 
FastDNA™ Kit 

for Soil 
● ↓ ↑ ↑ ↓ 

High 

decrease 
● 

DNeasy® 
PowerSoil® Pro 

Kit 
↑ ↑ ↑ ↓ ↑ 

Low 

decrease 
↑ 

Zymo Research 
Quick-DNA 
Fecal/Soil 
Microbe 

MiniPrepTM Kit 

↓ ● ● ↓ ● 
Low 

decrease 
↑ 

Based on their assessment, the authors determined that the optimal DNA extraction kit for soil 

samples is the DNeasy® PowerSoil® Pro Kit (Qiagen, UK), given its superior DNA yield, 

purity, and integrity. The decrease in read length that seems to normalize the performance of 

other kits with relatively average scores in the mentioned aspects is low for the DNA extracted 

using this kit. When it comes to the fungal communities, the Zymo Research Quick-DNA 

Fecal/Soil Microbe MiniPrepTM Kit (Cambridge Bioscience, UK) showed the lowest 
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percentage of reads whereas the other kits closely followed with higher number of reads, with 

FastDNA™ SPIN Kit (MP BioMedicals, UK) for Soil, and MagBeads FastDNA™ Kit for Soil 

(MP BioMedicals, UK) leading the ranking. Average results could be seen for the SPINeasy® 

DNA Pro Kit for Soil (MP BioMedicals, UK), with an average yield and a high decrease in 

read length (Child et al. 2024 Preprint). 

Sequencing technologies and their impact in revealing  

the soil microbial dark matter 

The concept of microbial ecology is described by the relationship that forms inside a microbial 

community and outside of it, in regard to the interaction of the microbiota with the environment. 

Revealing the phylogenetic diversity of a sample can be tackled through metataxonomic or 

metabarcoding approaches, and uncovering the complex associations from soil samples has 

witnessed remarkable progress with the advent of metagenomics. By directly studying the 

genetic material of a microbial community with the aid of cutting-edge next generation 

sequencing (NGS) technologies and continuously evolving bioinformatic pipelines, the field of 

metagenomics has seen a great development in the last decade. The great advantage that 

metagenomics offers in uncovering the complexity of the microbiome resides in the ability to 

study the unculturable fraction of the microbial population, the soil’ microbial dark matter. 

The history of microbiome studies encompasses multiple time-stamps, all overlapping on the 

evolution of sequencing technologies. In the early days, the pioneering technology used to 

describe microbial communities was Sanger sequencing. At the time, newly described 

phylogenetic markers, mainly ribosomal genes, were sequenced, making possible the discovery 

of microbial diversity from different samples. This approach has later been termed as 

metataxonomics. Sanger sequencing technology implies the use of terminator nucleotides, 

yielding a maximum of 96 reads averaging 650 base pairs per run. The emergence of the high 

throughput, parallel sample sequencing technologies of the second generation achieved greater 

sample yields at lower costs than the first sequencing generation. Four technologies contoured 

this period, with Illumina sequencing passing the test of time. The first technology employed 

was the 454-sequencing platform. This determined the nucleotide sequence through the 

detection of a signal obtained in the DNA polymerization reaction. The luminous signal was 

determined by the released pyrophosphate. Compared with Sanger sequencing, the advantage 

of this technology was represented by higher yields at lower prices, but with shorter reads 

averaging 250 nucleotides. Reads determined with the G5 FLX Pyrosequencer could be used 

to assemble small genomes, such as bacterial and viral ones. This is mainly due to the quality 

and the contiguity of genomic data (Nikolaki and Tsiamis 2013). The primary drawbacks 

identified in the quality of the sequences obtained were the inaccurate insertions and deletions 

determined by long homopolymeric regions. Acquired by Roche in 2007, the pyrosequencing 

technology can’t be used anymore as the related reagents and platforms were discontinued less 

than a decade ago (Escobar-Zepeda et al. 2015). Formerly known as Solexa, the Illumina 

platforms were the second to emerge. Employing dye-labelled reversible terminators in DNA 

polymerization though bridge-PCR on a glass surface, this technology is feasible for shotgun 

metagenomics for the high throughput and high quality. Even though the small read lengths 

(<150 nucleotides) seem to constitute a drawback, the error rates less than 1% and the small 

running costs along with the advanced bioinformatic tools developed to process the reads 

conquered the field (Quince et al. 2017). Another short-read sequence technologies that have 

been developed in the last two decades are represented by the SOLiD platform that uses the 

ligation of fluorescently labelled di-base probes and the Ion Torrent platform that detects the 

signal emitted by the protons released during DNA polymerization. The error rates of these two 

technologies range from <0.06% to <1.78% for the Ion Torrent platform. The output yields and 
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the running costs are not comparable to the Illumina platforms, this being two of the reasons 

Illumina gained popularity (Nikolaki and Tsiamis 2013; Escobar-Zepeda et al. 2015). 

The principal challenge associated with the fragment sequences obtained through short-read 

sequencing is represented by the accurate assembly of genomes, as the coverage of the sequence 

fails to accurately represent the genome. The third generation of sequencing technologies 

highlights the significance of the long reads, which enables the sequencing of whole genomes. 

Pacific Biosciences (PacBio) and Oxford Nanopore Technologies (ONT) developed 

sequencing platforms employing new sequencing procedures. PacBio platforms are 

characterized by the single molecule real time (SMRT) sequencing technology. Recent 

advancements employ a circularized DNA strand with hairpin adapters that act as primers for 

a polymerase. Upon binding to the polymerase, the DNA is loaded in a chamber termed zero-

mode waveguide. As the polymerase incorporates fluorescently labelled nucleotides, a distinct 

signal is detected, allowing to differentiation of the nucleotide sequence. ONT platforms 

employ a fixed nanopore that allows a single strand of DNA or RNA to pass through it. As the 

nucleotide strand translocates the nanopore, the ionic flow is altered, with variations in the 

recorded charges translating into the nucleotide sequence. These new principles output 

sequences averaging in lengths over 10 kilobases. This represents the first advantage of long 

read sequencing over short read sequencing: the ability to generate fewer reads with wider 

coverage. Another advantage is the identification of structural variants along with assessing 

epigenetic modifications. Comparable to sequencing short DNA fragments, the sequencing of 

lengthy DNA strands represents a challenge for the third generation of sequencers concerning 

error rates. Recent advancements within these technologies has seen great progress with 

increasingly higher sequencing accuracies (Kim et al. 2024). 

As sequencing technologies evolved, a series of advantages and drawbacks have emerged when 

uncovering the soil microbiome. NGS technologies facilitate a thorough evaluation of the 

microbial diversity, advancements in these technologies allowing the identification of novel 

microbial taxa, as well as uncovering the unculturable fraction of the microbiome through deep 

sequencing of environmental samples. By directly sequencing the microbial community from 

an environmental sample, NGS bypasses the need for culturing microorganisms such as 

bacteria and fungi. Through the application of whole genome sequencing, previously 

unidentified genes and biochemical pathways have been uncovered. Sequencing technologies 

such as ONT make gene expression analysis possible, as this method is feasible for RNA 

sequencing. As NGS platforms continue to evolve, tackling the microbiome becomes more 

affordable, accompanied by a reduction in sequencing time. On the other hand, due to the high 

yields and huge volumes of data generated, costly computational resources are required to 

analyze the metagenomic data, as well as bioinformatic pipelines, and basic programing 

expertise. Sequence quality might be subjected to artifacts associated with error rates of 

sequencing platforms or the extraction methods used. When multiple samples are multiplexed, 

a metagenomic study might be influenced by the batch effect which can negatively impact the 

analytical outcomes. The discovery of new microorganism may also be impacted by the lack of 

reference genomes in public databases (Garg et al. 2024). Two frequently used sequencing 

platforms in metagenomics, namely Illumina and ONT, although they facilitate the 

comprehensive characterization of microbial communities, they exhibit differences in accuracy 

and taxonomic resolution. More specifically, Illumina MiSeq provides superior accuracy as the 

MinION sequencer offers longer reads at a lower initial cost (Stevens et al. 2023). 

Recent studies have introduced innovative approaches like culturomics-based metagenomics, 

aimed to enhance the recovery of both taxonomic and functional diversity in desert soils, 

capturing previously missed diversity and enabling the identification of novel bacterial 

candidates. The culturomics-based metagenomics approach combines the cultivation of the 

samples under multiple culture conditions, followed by 16S amplicon sequencing and shotgun 
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sequencing. This approach resulted in an increase in the number of amplicon sequence variants 

(ASVs) and qualitatively metagenome-assembled genomes (MAGs). Despite this, the relative 

abundance and the functional pathways present in the in situ environment have not been 

properly represented. The integration of multi-omics approaches in metagenomic studies 

represents a promising future approach in recovering the untapped microbial dark matter. (Li 

et al. 2023).  

Altogether, metagenomic analyses managed to uncover a big piece of the soil microbiome 

puzzle, but the whole picture is not even half complete. Even though databases were populated 

with sequences of new taxa obtained at reasonable costs, advances in the field are still sought 

as the interaction network of these microorganisms could describe the applicative potential of 

the microbiome. A metagenomic analysis cannot describe by itself all the particularities of the 

functionally active community as the sequenced DNA is composed out of relic DNA of dead 

or metabolically inactive species or by DNA trapped in biofilms. In dependence to external 

factors, such as climatic conditions following season’s change, varying nutrient quantities and 

even the spatial separation in soil aggregates, metagenomics miss on the metabolic versatility 

of the microbiome dependent on the exterior and the microbiome’s interactions within- and 

outside of it. By cumulating and contextualizing the genomic data with those obtained from 

metatranscriptomic, metaproteomic, metabolomic analyses, as well as the effect of the external-

conditioning factors, obtaining a more comprehensive description of the microbiome’s 

potential could be attained. Metatranscriptomics describes the activity of the microbial 

community and their adaptations while metaproteomics includes the post-translational 

modifications of proteins which could aid in the discovery of novel species when compared to 

genome bins. However, modelling detailed interaction networks of the soil microorganisms in 

regard to their active metabolic pathways which include signaling metabolites or 

synergic/agonistic interactions between the members of the community is what the future hopes 

to hold in its approaches (Jansson and Hofmockel 2018). Specifically, culturomics approaches 

could aid in describing species interactions with a higher resolution but are hindered by the lack 

of growth particularities (Liu et al. 2022). 

This way, multiple approaches are being taken at the moment to characterize the interaction 

network of the soil microbiome. Research on the mangrove sediments to assess the microbial 

community assembly using a genome scale metabolic modelling-based approach and network 

analysis from MAGs and metatranscriptomic data concluded that over half of the assembled 

species had a high potential of metabolic interactions. Still, from the entire community taken 

into study, over 98% of the microorganism pairs were not seen to interact with one another 

through sharing metabolites. However, five small groups of microorganisms were seen to 

interact divergently into successfully carrying out metabolic functions (Du et al. 2022). 

Adaptation to drought stress response on the rhizosphere microbiome was studied using MAGs 

and metatranscriptomic data for an agricultural site. Researchers observed that in drought 

conditions, the microbiome is enriched in bacterial groups such as Actinobacteria, possessing 

traits for carbohydrate metabolism and iron transport. When disrupting the iron homeostasis, 

the drought adapted microbes were affected, and in turn, the plant’s ability to withstand the 

stress as well (Xu et al. 2021). 

From amplicon sequencing to metagenome-assembled genomes (MAGs) 

Studying the genetic material from environmental samples has taken different approaches along 

the way, as briefly described in the last section. The terminology used in the field tries to 

differentiate the genome microbiome studies, taking into consideration both the sequencing 

material and intended outcome. In this context, the concepts of metataxonomics (which 

involves the sequencing of phylogenetic markers) and metagenomics (which involves the 

sequencing of the whole genetic material of a sample) describe two independent approaches to 
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take in studying environmental samples. Owing to their highly conserved and hypervariable 

regions, phylogenetic marker-based taxonomy became the easiest way to classify organisms, 

achieved by amplifying shorter regions of these genes, and subsequently sequencing these 

amplicons. This approach has been known in the field as amplicon sequencing. On the other 

hand, shotgun or long-read sequencing of an environmental sample describe an authentic 

metagenomics approach, the whole DNA content of a sample being taken into consideration. 

The main advantages of sequencing the whole genome lie in its capacity to uncover new 

functional genes, metabolisms and obtaining draft genomes of uncultured organisms, which 

encompass members of the microbial dark matter - element that cannot be achieved at the same 

scale by sequencing taxonomic markers. Additionally, another great advantage of sequencing 

the whole genome is avoiding the PCR biases that might appear when amplifying marker genes 

(Pérez-Cobas et al. 2020; Nam et al. 2023). Metagenomics data is processed into metagenome-

assembled genomes (MAGs), a further refinement of metagenomic approaches. The 

reconstruction of MAGs has aided for the uncovering of bacterial diversity, especially 

discovering the microbial dark matter (Quince et al. 2017). 

Amplicon sequencing takes into consideration the sequences of targeted amplified phylogenetic 

markers. 16S rRNA is specific for the identification of prokaryotes and identifying eukaryotes 

has resided in the sequencing of 18S, 26S or ITS. These marker genes are characterized by 

hypervariable regions that allow the classification of taxons down to species level (Pérez-Cobas 

et al. 2020; Nam et al. 2023). 

NGS made available the evolution of metagenomics by making possible the description of the 

full diversity of complex microbial communities through deep-sequencing. This transition 

provides a more comprehensive understanding of the microbiome. Metagenomic data is 

processed in the scope of constructing a representative picture through the MAGs. A basic 

bioinformatic pipeline for the construction and analysis of MAGs consists of quality control of 

sequenced reads, genome reconstruction through assembly and binning, high-resolution 

taxonomic and functional prediction, and data visualization. A vast array of bioinformatic tools 

and databases currently used in genomic reconstruction and following analysis have been 

reviewed by Wajid et al. (2022). Even though the computational resources needed to conduct 

such analyses are considerably pricey, they provide greater insight into the complete picture of 

a microbiome (Nam et al. 2023). 

Large-scale excavation efforts have reconstructed metagenome-assembled genome bins, 

revealing a vast number of unknown species-level genome bins that significantly expand the 

microbial diversity and functional landscape of the soil. Ma and colleagues (2023) tackled the 

soil’s microbial dark matter from 3304 metagenome data. After reconstructing over 40,000 

metagenome-assembled genome bins, they identified 21,077 species-level genome bins, out of 

which, almost 80% were unidentified species-level genome bins. The authors identified many 

unknown genes that need further analysis, as well as a great number of potential biosynthetic 

gene clusters that might code for useful secondary metabolites. Associations between viruses 

and hosts was described by a numerous range of viruses that infect different bacterial hosts, 

with prophages taken as the best predictor of these associations. Last but not least, they analyzed 

the “immune system” of the microbial community, discovering over 8500 CRISPR-Cas genes, 

the soil microbiome portraying a large resource of Cas proteins (Ma et al. 2023). 

In another study, Singh et al. (2023) constructed MAGs from the International Space Station, 

their analysis revealing insights into microbial metabolic and antimicrobial potential, as well as 

the network interactions within the community. By undertaking a metagenome-to-phenome 

approach, two bacterial and one fungal novel species were also discovered. The authors 

conclude that the reconstructed genomes contribute to our understanding of microbial life in 

microgravity and low-dose irradiation when compared to the microorganism’s evolution on 

Earth (Singh et al. 2023). 
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Conclusions 

The soil microbiome is a central component of the environment, maintaining ecosystem 

functions and supporting agricultural productivity. Composed in big part by bacteria and fungi, 

the varying abundance and diversity of species characterizes different soil types and supports 

numerous soil functions such as carbon sequestration, organic matter decomposition, nutrient 

cycling, bioremediation, aggregate formation, pest and disease control along with many others. 

The soil microbiome’s composition and functions are dependent to numerous factors, with 

agricultural practices, such as excessive tillage, use of pesticides and mineral fertilizers, 

significantly influencing and potentially disrupting these microbial communities. Observing 

this interdependence, sustainable agricultural practices are created and started being 

implemented in the field, aiming to preserve the health of the soil and quality of food, as a final 

objective. The development that the field of metagenomics has seen in the last years shows 

promising future approaches for describing the complexity of the microbiome, as well as 

identifying novel microbial species and new metabolic pathways with application in medicine 

and biotechnology. Soil microbial dark matter presents as a huge reservoir of such pathways 

that have not been described and new metabolites that might have bioactive potential (Ma et al. 

2023). Rise in antimicrobial resistance genes determined by wastewater containing antibiotics 

or animal waste is due to increase because of the global demand for food production and 

pollution. Although the ecological stress leads to formation in soil bacteria of compounds 

similar to antimicrobials, their discovery is still much slower than the emergence of resistance 

phenotypes (Brevik et al. 2020). At the same time, discovery of novel antimicrobials, 

probiotics, biocontrol agents is hampered by the incapacity to cultivate many of these 

microorganisms (Fierer 2017; Liu et al. 2022). To understand the functional potential of 

interesting but yet-uncultured microorganisms, developing cultivating methods to isolate these 

species is a priority now. -omics data helped in broadening the knowledge about new 

microorganisms and their theoretic potential, but they cannot confirm that what is gene-encoded 

also functions as hypothesized. Thus, culturing microorganisms overpowers metagenomic 

analysis as it facilitates the study of biochemical and physiological traits under different, but 

controlled growth conditions. Advancements in using metagenomic data are made for selective 

isolation and cultivation; where possible, growth traits are deduced. However, metagenomic 

data quality still relies on DNA extraction methods, element that can represent a drawback in 

deducting such traits (Liu et al. 2022).  

Efficient DNA extraction methods remain decisive for accurate downstream microbial analysis 

by sequencing. Comparison between different nucleic acid extraction methods, either applied 

from commercially available kits or lab developed has been an intriguing subject of discussion. 

Soil contains many inorganic and organic substances, along with PCR-inhibitors that can affect 

the extraction process and downstream metagenomic analyses. Thus, because of soil’s nature, 

extracted DNA yield and quality vary, even when using the same method. Even though the 

metagenomics of the soil becomes more and more of interest in the actual context of trying to 

conserve biodiversity and acquire food security, integrating a cost-effective method is even 

harder. Lab-developed protocols appear to achieve the results of the DNA extraction kits but 

their efficacy and bias has not been properly described in the majority of cases by using an 

extraction control made out of a known quantity of bacterial cells. 

Combined short- and long- read sequencing approaches or culturomics based metagenomics 

are just some of the latest procedures used to obtain metagenome-assembled genomes of a high 

quality. Along with the continuously updating bioinformatic pipelines and databases which 

hope to facilitate new discoveries through data mining, the field of soil metagenomics promises 

notable discoveries in agriculture, pharmacology, ecosystem preservation – being valuable for 

the OneHealth concept. 
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Code availability: The Python (v3.12.4) script used for mapping the coordinates on the 

Romania map can be accessed at the following address: 

https://github.com/AndaMM/Map_coordinates_in_Ro.  

References  

Andrei AŞ, Baricz A, Robeson MS, Pǎuşan MR, Tǎmaş T, Chiriac C, Szekeres E, Barbu-

Tudoran L, Levei EA, Coman C, et al. 2017. Hypersaline sapropels act as hotspots for microbial 

dark matter. Sci Rep. 7(1):3–10. doi:10.1038/s41598-017-06232-w. 

Angst G, Mueller KE, Nierop KGJ, Simpson MJ. 2021. Plant- or microbial-derived? A review 

on the molecular composition of stabilized soil organic matter. Soil Biol Biochem. 156:108189. 

doi:10.1016/j.soilbio.2021.108189. 

Anthony MA, Crowther TW, Maynard DS, van den Hoogen J, Averill C. 2020. Distinct 

Assembly Processes and Microbial Communities Constrain Soil Organic Carbon Formation. 

One Earth. 2(4):349–360. doi:10.1016/j.oneear.2020.03.006. 

Banerjee S, van der Heijden MGA. 2023. Soil microbiomes and one health. Nat Rev Microbiol. 

21(1):6–20. doi:10.1038/s41579-022-00779-w. 

Bar-On YM, Phillips R, Milo R. 2018. The biomass distribution on Earth. Proc Natl Acad Sci. 

115(25):6506–6511. doi:10.1073/pnas.1711842115. 

Basim Y, Mohebali G, Jorfi S, Nabizadeh R, Ghadiri A, Moghadam MA, Soleymani F, Fard 

NJH. 2020. Comparison of performance and efficiency of four methods to extract genomic 

DNA from oil contaminated soils in southwestern of Iran. J Environ Heal Sci Eng. 18(2):463–

468. doi:10.1007/s40201-020-00474-z. 

Bergmann J, Verbruggen E, Heinze J, Xiang D, Chen B, Joshi J, Rillig MC. 2016. The interplay 

between soil structure, roots, and microbiota as a determinant of plant–soil feedback. Ecol Evol. 

6(21):7633–7644. doi:10.1002/ece3.2456. 

Bhatti AA, Haq S, Bhat RA. 2017. Actinomycetes benefaction role in soil and plant health. 

Microb Pathog. 111:458–467. doi:10.1016/j.micpath.2017.09.036. 

Bogdan DF, Baricz AI, Chiciudean I, Bulzu P-A, Cristea A, Năstase-Bucur R, Levei EA, Cadar 

O, Sitar C, Banciu HL, et al. 2023. Diversity, distribution and organic substrates preferences of 

microbial communities of a low anthropic activity cave in North-Western Romania. Front 

Microbiol. 14. doi:10.3389/fmicb.2023.962452. 

Bollmann-Giolai A, Giolai M, Heavens D, Macaulay I, Malone J, Clark MD. 2020. A low-cost 

pipeline for soil microbiome profiling. Microbiologyopen. 9(12):1–21. 

doi:10.1002/mbo3.1133. 

Brevik EC, Slaughter L, Singh BR, Steffan JJ, Collier D, Barnhart P, Pereira P. 2020. Soil and 

Human Health: Current Status and Future Needs. Air, Soil Water Res. 13(2). 

doi:10.1177/1178622120934441. 

Bürgmann H, Pesaro M, Widmer F, Zeyer J. 2001. A strategy for optimizing quality and 

quantity of DNA extracted from soil. J Microbiol Methods. 45(1):7–20. doi:10.1016/S0167-

7012(01)00213-5. 

Chalk P, Souza R, Urquiaga S, Alves B, Bodddey R. 2006. The role of arbuscular mycorrhiza 

in legume symbiotic performance. Soil Biol Biochem. 38(9):2944–2951. 

doi:10.1016/j.soilbio.2006.05.005. 

Chiciudean I, Russo G, Bogdan DF, Levei EA, Faur L, Hillebrand-Voiculescu A, Moldovan 

OT, Banciu HL. 2022. Competition-cooperation in the chemoautotrophic ecosystem of Movile 

Cave: first metagenomic approach on sediments. Environ Microbiome. 17(1):44. 

doi:10.1186/s40793-022-00438-w. 

Child HT, Wierzbicki L, Joslin GR, Tennant R. 2024. Comparative Evaluation of Soil DNA 

Extraction Kits for Long Read Metagenomic Sequencing. :000868.v1. 

http://www.jemb.bio.uaic.r/
https://github.com/AndaMM/Map_coordinates_in_Ro


Review  Mlesnita A.M. (2025) J Exp Molec Biol 26(1):x-xx; DOI: 10.47743/jemb-2025-209 

 

www.jemb.bio.uaic.ro Page 21 of 26 

 

doi:10.1099/acmi.0.000868.v1. 

Choma M, Šamonil P, Kaštovská E, Bárta J, Tahovská K, Valtera M, Šantrůčková H. 2021. 

Soil Microbiome Composition along the Natural Norway Spruce Forest Life Cycle. Forests. 

12(4):410. doi:10.3390/f12040410. 

Christel A, Dequiedt S, Chemidlin-Prevost-Bouré N, Mercier F, Tripied J, Comment G, 

Djemiel C, Bargeot L, Matagne E, Fougeron A, et al. 2023. Urban land uses shape soil 

microbial abundance and diversity. Sci Total Environ. 883. 

doi:10.1016/j.scitotenv.2023.163455. 

Clarke LJ, Jones PJ, Ammitzboll H, Barmuta LA, Breed MF, Chariton A, Charleston M, Dakwa 

V, Dewi F, Eri R, et al. 2020. Mainstreaming Microbes across Biomes. Bioscience. 70(7):589–

596. doi:10.1093/biosci/biaa057. 

Delgado-Baquerizo M, Oliverio AM, Brewer TE, Benavent-González A, Eldridge DJ, Bardgett 

RD, Maestre FT, Singh BK, Fierer N. 2018. A global atlas of the dominant bacteria found in 

soil. Science. 359(6373):320–325. doi:10.1126/science.aap9516. 

Devi SG, Fathima AA, Radha S, Arunraj R, Curtis WR, Ramya M. 2015. A rapid and 

economical method for efficient DNA extraction from diverse soils suitable for metagenomic 

applications. PLoS One. 10(7):1–16. doi:10.1371/journal.pone.0132441. 

Dinca L, Onet A, Samuel AD, Tognetti R, Uhl E, Bosela M, Gömöryová E, Bielak K, 

Skrzyszewski J, Hukić E, et al. 2021. Microbial soil biodiversity in beech forests of European 

mountains. Can J For Res. 51(12):1833–1845. doi:10.1139/cjfr-2020-0139. 

Ditu LM, Avram I, Anastasiu P, Camen-Comanescu P, Fierescu I. 2018. Assessment of the 

normal microbiota and soil parameters associated with Romanian rare plants from natural 

habitate. Int Multidiscip Sci GeoConference Surv Geol Min Ecol Manag SGEM. 18(6.2):59–

66. doi:10.5593/sgem2018/6.2/S25.008. 

Du H, Pan J, Zou D, Huang Y, Liu Y, Li M. 2022. Microbial active functional modules derived 

from network analysis and metabolic interactions decipher the complex microbiome assembly 

in mangrove sediments. Microbiome. 10(1):224. doi:10.1186/s40168-022-01421-w. 

Dubey A, Malla MA, Khan F, Chowdhary K, Yadav S, Kumar A, Sharma S, Khare PK, Khan 

ML. 2019. Soil microbiome: a key player for conservation of soil health under changing 

climate. Biodivers Conserv. 28(8–9):2405–2429. doi:10.1007/s10531-019-01760-5. 

Dușa EM, Sicuia O, Stan V. 2022. Study on the Effects of Fertilization on the Abundance of 

Soil Microbial Community, Its Composition and Antifungal Efficacy. AgroLife Sci J. 

11(2):39–51. doi:10.17930/AGL202225. 

Escobar-Zepeda A, Vera-Ponce de León A, Sanchez-Flores A. 2015. The Road to 

Metagenomics: From Microbiology to DNA Sequencing Technologies and Bioinformatics. 

Front Genet. 6(DEC):1–15. doi:10.3389/fgene.2015.00348. 

Fan Y, Pedersen O. 2021. Gut microbiota in human metabolic health and disease. Nat Rev 

Microbiol. 19(1):55–71. doi:10.1038/s41579-020-0433-9. 

Fatima F, Pathak N, Rastogi Verma S. 2014. An Improved Method for Soil DNA Extraction to 

Study the Microbial Assortment within Rhizospheric Region. Mol Biol Int. 2014:1–6. 

doi:10.1155/2014/518960. 

Fierer N. 2017. Embracing the unknown: Disentangling the complexities of the soil 

microbiome. Nat Rev Microbiol. 15(10):579–590. doi:10.1038/nrmicro.2017.87. 

Food and Agriculture Organization United Nations. 2022. The soil microbiome: a game 

changer for food and agriculture. FAO. http://www.fao.org/documents/card/en/c/cc0717en. 

Gafencu AM, Florea AM, Lipsa FD, Ulea E. 2023. Influence of Different Agricultural 

Management Practices on Soil Microbiome. Sci Pap a-Agronomy. 66(2):47–52. 

Gallard-Gongora J, Lobos A, Conrad JW, Peraud J, Harwood VJ. 2022. An assessment of three 

methods for extracting bacterial DNA from beach sand. J Appl Microbiol. 132(4):2990–3000. 

doi:10.1111/jam.15423. 

http://www.jemb.bio.uaic.r/


Review Mlesnita A.M. (2025) J Exp Molec Biol 26(1):x-xx; DOI: 10.47743/jemb-2025-209 

 

www.jemb.bio.uaic.ro Page 22 

 

Garg D, Patel N, Rawat A, Rosado AS. 2024. Cutting edge tools in the field of soil 

microbiology. Curr Res Microb Sci. 6:100226. doi:10.1016/j.crmicr.2024.100226. 

Ghiță S, Hnatiuc M, Ranca A, Artem V, Ciocan M-A. 2023. Studies on the Short-Term Effects 

of the Cease of Pesticides Use on Vineyard Microbiome. IntechOpen. 

doi:10.5772/intechopen.105706. 

Gómez-Brandón M, Probst M, Siles JA, Peintner U, Bardelli T, Egli M, Insam H, Ascher-Jenull 

J. 2020. Fungal communities and their association with nitrogen-fixing bacteria affect early 

decomposition of Norway spruce deadwood. Sci Rep. 10(1):8025. doi:10.1038/s41598-020-

64808-5. 

Gornoavă M, Carpa R, Drăgan-Bularda M. 2005. INTERACTIONS BETWEEN 

MICROORGANISMS , SOIL , PLANT IN THE TECHNOGENIC SOIL FROM ROVINARI 

( GORJ COUNTY ). Contibuții Bot. XL. 

Guillén-Navarro K, Herrera-López D, López-Chávez MY, Cancino-Gómez M, Reyes-Reyes 

AL. 2015. Assessment of methods to recover DNA from bacteria, fungi and archaea in complex 

environmental samples. Folia Microbiol (Praha). 60(6):551–558. doi:10.1007/s12223-015-

0403-1. 

He JZ, Zheng Y, Chen CR, He YQ, Zhang LM. 2008. Microbial composition and diversity of 

an upland red soil under long-term fertilization treatments as revealed by culture-dependent and 

culture-independent approaches. J Soils Sediments. 8(5):349–358. doi:10.1007/s11368-008-

0025-1. 

Hermans SM, Buckley HL, Case BS, Curran-Cournane F, Taylor M, Lear G. 2017. Bacteria as 

Emerging Indicators of Soil Condition. Loeffler FE, editor. Appl Environ Microbiol. 83(1):1–

13. doi:10.1128/aem.02826-16. 

Hermans SM, Lear G, Case BS, Buckley HL. 2023. The soil microbiome: An essential, but 

neglected, component of regenerative agroecosystems. iScience. 26(2):1–10. 

doi:10.1016/j.isci.2023.106028. 

Hug LA, Baker BJ, Anantharaman K, Brown CT, Probst AJ, Castelle CJ, Butterfield CN, 

Hernsdorf AW, Amano Y, Ise K, et al. 2016. A new view of the tree of life. Nat Microbiol. 

1(5):1–6. doi:10.1038/nmicrobiol.2016.48. 

Jansson JK, Hofmockel KS. 2018. The soil microbiome — from metagenomics to 

metaphenomics. Curr Opin Microbiol. 43:162–168. doi:10.1016/j.mib.2018.01.013. 

https://linkinghub.elsevier.com/retrieve/pii/S1369527417302205. 

Jensen TBN, Dall SM, Knutsson S, Karst SM, Albertsen M. 2024. High-throughput DNA 

extraction and cost-effective miniaturized metagenome and amplicon library preparation of soil 

samples for DNA sequencing. PLoS One. 19:1–16. doi:10.1371/journal.pone.0301446. 

Jiao JY, Liu L, Hua ZS, Fang BZ, Zhou EM, Salam N, Hedlund BP, Li WJ. 2021. Microbial 

dark matter coming to light: Challenges and opportunities. Natl Sci Rev. 8(3):1–5. 

doi:10.1093/nsr/nwaa280. 

Kathiravan MN, Gim GH, Ryu J, Kim P Il, Lee CW, Kim SW. 2015. Enhanced method for 

microbial community DNA extraction and purification from agricultural yellow loess soil. J 

Microbiol. 53(11):767–775. doi:10.1007/s12275-015-5454-0. 

Kim C, Pongpanich M, Porntaveetus T. 2024. Unraveling metagenomics through long-read 

sequencing: a comprehensive review. J Transl Med. 22(1):111. doi:10.1186/s12967-024-

04917-1. 

Labouyrie M, Ballabio C, Romero F, Panagos P, Jones A, Schmid MW, Mikryukov V, Dulya 

O, Tedersoo L, Bahram M, et al. 2023. Patterns in soil microbial diversity across Europe. Nat 

Commun. 14(1):3311. doi:10.1038/s41467-023-37937-4. 

Land M, Hauser L, Jun S-R, Nookaew I, Leuze MR, Ahn T-H, Karpinets T, Lund O, Kora G, 

Wassenaar T, et al. 2015. Insights from 20 years of bacterial genome sequencing. Funct Integr 

Genomics. 15(2):141–161. doi:10.1007/s10142-015-0433-4. 

http://www.jemb.bio.uaic.r/


Review  Mlesnita A.M. (2025) J Exp Molec Biol 26(1):x-xx; DOI: 10.47743/jemb-2025-209 

 

www.jemb.bio.uaic.ro Page 23 of 26 

 

Lear G, Kingsbury JM, Franchini S, Gambarini V, Maday SDM, Wallbank JA, Weaver L, 

Pantos O. 2021. Plastics and the microbiome: impacts and solutions. Environ Microbiome. 

16(1):2. doi:10.1186/s40793-020-00371-w. 

Li C, Quan Q, Gan Y, Dong J, Fang J, Wang L, Liu J. 2020. Effects of heavy metals on 

microbial communities in sediments and establishment of bioindicators based on microbial taxa 

and function for environmental monitoring and management. Sci Total Environ. 749:141555. 

doi:10.1016/j.scitotenv.2020.141555. 

Li P, Su X, Wang J, Yang S, Wu G, Lin M, Zhao K, Bezuidenhout C, Tang X. 2014. 

Comparison of genomic DNA extraction commercial kits based on clayey and paddy soils. J 

Pure Appl Microbiol. 8:69–75. 

Li S, Lian W-H, Han J-R, Ali M, Lin Z-L, Liu Y-H, Li L, Zhang D-Y, Jiang X-Z, Li W-J, et 

al. 2023. Capturing the microbial dark matter in desert soils using culturomics-based 

metagenomics and high-resolution analysis. npj Biofilms Microbiomes. 9(1):67. 

doi:10.1038/s41522-023-00439-8. 

Liu S, Moon CD, Zheng N, Huws S, Zhao S, Wang J. 2022. Opportunities and challenges of 

using metagenomic data to bring uncultured microbes into cultivation. Microbiome. 10(1):76. 

doi:10.1186/s40168-022-01272-5. 

Lopes MJ dos S, Dias-Filho MB, Gurgel ESC. 2021. Successful Plant Growth-Promoting 

Microbes: Inoculation Methods and Abiotic Factors. Front Sustain Food Syst. 5. 

doi:10.3389/fsufs.2021.606454. 

Ma B, Lu C, Wang Y, Yu J, Zhao K, Xue R, Ren H, Lv X, Pan R, Zhang J, et al. 2023. A 

genomic catalogue of soil microbiomes boosts mining of biodiversity and genetic resources. 

Nat Commun. 14(1):7318. doi:10.1038/s41467-023-43000-z. 

Marchesi JR, Ravel J. 2015. The vocabulary of microbiome research: a proposal. Microbiome. 

3(1):31. doi:10.1186/s40168-015-0094-5. 

Matei GM, Matei S, Mocanu V. 2020. Assessing the role of soil microbial communities of 

natural forest ecosystem. Eurobiotech J. 4(1):1–7. doi:10.2478/ebtj-2020-0001. 

Nadeem SM, Ahmad M, Zahir ZA, Javaid A, Ashraf M. 2014. The role of mycorrhizae and 

plant growth promoting rhizobacteria (PGPR) in improving crop productivity under stressful 

environments. Biotechnol Adv. 32(2):429–448. doi:10.1016/j.biotechadv.2013.12.005. 

https://linkinghub.elsevier.com/retrieve/pii/S073497501300222X. 

Nadeu E, Van Dijk R, Hiller N. 2023. The soil microbiome: its contribution to soil health and 

one health. Lancet Infect Dis. 16(2):158. 

Nam N, Do H, Loan Trinh K, Lee N. 2023. Metagenomics: An Effective Approach for 

Exploring Microbial Diversity and Functions. Foods. 12(11):2140. 

doi:10.3390/foods12112140. 

Nicolás C, Martin-Bertelsen T, Floudas D, Bentzer J, Smits M, Johansson T, Troein C, Persson 

P, Tunlid A. 2019. The soil organic matter decomposition mechanisms in ectomycorrhizal fungi 

are tuned for liberating soil organic nitrogen. ISME J. 13(4):977–988. doi:10.1038/s41396-018-

0331-6. 

Nikolaki S, Tsiamis G. 2013. Microbial Diversity in the Era of Omic Technologies. Biomed 

Res Int. 2013:1–15. doi:10.1155/2013/958719. 

Onet A, Dincă LC, Grenni P, Laslo V, Teusdea AC, Vasile DL, Enescu RE, Crisan VE. 2019. 

Biological indicators for evaluating soil quality improvement in a soil degraded by erosion 

processes. J Soils Sediments. 19(5):2393–2404. doi:10.1007/s11368-018-02236-9. 

Onet A, Vidican R, Ghergheles C, Corcoz L, Stoian V, Onet C, Teusdea AC. 2024. Soil 

Properties and Forest Decline in the North-Western Part of Romania. Forests. 15(1):124. 

doi:10.3390/f15010124. 

Pérez-Cobas AE, Gomez-Valero L, Buchrieser C. 2020. Metagenomic approaches in microbial 

ecology: An update on whole-genome and marker gene sequencing analyses. Microb 

http://www.jemb.bio.uaic.r/


Review Mlesnita A.M. (2025) J Exp Molec Biol 26(1):x-xx; DOI: 10.47743/jemb-2025-209 

 

www.jemb.bio.uaic.ro Page 24 

 

Genomics. 6(8):1–22. doi:10.1099/mgen.0.000409. 

Pineda A, Kaplan I, Bezemer TM. 2017. Steering Soil Microbiomes to Suppress Aboveground 

Insect Pests. Trends Plant Sci. 22(9):770–778. doi:10.1016/j.tplants.2017.07.002. 

Pineda A, Kaplan I, Hannula SE, Ghanem W, Bezemer TM. 2020. Conditioning the soil 

microbiome through plant–soil feedbacks suppresses an aboveground insect pest. New Phytol. 

226(2):595–608. doi:10.1111/nph.16385. 

Plassart P, Terrat S, Thomson B, Griffiths R, Dequiedt S, Lelievre M, Regnier T, Nowak V, 

Bailey M, Lemanceau P, et al. 2012. Evaluation of the ISO Standard 11063 DNA Extraction 

Procedure for Assessing Soil Microbial Abundance and Community Structure. Shah V, editor. 

PLoS One. 7(9):e44279. doi:10.1371/journal.pone.0044279. 

Porteous LA, Armstrong JL, Seidler RJ, Watrud LS. 1994. An effective method to extract DNA 

from environmental samples for polymerase chain reaction amplification and DNA fingerprint 

analysis. Curr Microbiol. 29(5):301–307. doi:10.1007/BF01577445. 

Quince C, Walker AW, Simpson JT, Loman NJ, Segata N. 2017. Shotgun metagenomics, from 

sampling to analysis. Nat Biotechnol. 35(9):833–844. doi:10.1038/nbt.3935. 

Rana Chhetri B, Silwal P, Jyapu P, Maharjan Y, Lamsal T, Basnet A. 2022. Biodegradation of 

Organic Waste Using Bacillus Species Isolated From Soil. Int J Appl Sci Biotechnol. 

10(2):104–111. doi:10.3126/ijasbt.v10i2.44303. 

Raynaud X, Nunan N. 2014. Spatial Ecology of Bacteria at the Microscale in Soil. Pappalardo 

F, editor. PLoS One. 9(1):e87217. doi:10.1371/journal.pone.0087217. 

Santos SS, Nielsen TK, Hansen LH, Winding A. 2015. Comparison of three DNA extraction 

methods for recovery of soil protist DNA. J Microbiol Methods. 115:13–19. 

doi:10.1016/j.mimet.2015.05.011. 

Sarbu S, Aerts J, Flot J-F, Van Spanning R, Baciu C, Ionescu A, Kis B, Incze R, Sikó-Barabási 

S, Para Z, et al. 2018. Sulfur Cave (Romania), an extreme environment with microbial mats in 

a CO2-H2S/O2 gas chemocline dominated by mycobacteria. Int J Speleol. 47(2):173–187. 

doi:10.5038/1827-806X.47.2.2164. 

Siddhapura PK, Vanparia S, Purohit MK, Singh SP. 2010. Comparative studies on the 

extraction of metagenomic DNA from the saline habitats of Coastal Gujarat and Sambhar Lake, 

Rajasthan (India) in prospect of molecular diversity and search for novel biocatalysts. Int J Biol 

Macromol. 47(3):375–379. doi:10.1016/j.ijbiomac.2010.06.004. 

Singh NK, Wood JM, Patane J, Moura LMS, Lombardino J, Setubal JC, Venkateswaran K. 

2023. Characterization of metagenome-assembled genomes from the International Space 

Station. Microbiome. 11(1):125. doi:10.1186/s40168-023-01545-7. 

Singh R, Devi T, Verma V, Rasool S. 2014. Comparative Studies on the Extraction of 

Metagenomic DNA from Various Soil and Sediment Samples of Jammu and Kashmir Region 

in Prospect for Novel Biocatalysts. IOSR J Environ Sci Toxicol Food Technol. 8(4):46–56. 

doi:10.9790/2402-08414656. 

Solden L, Lloyd K, Wrighton K. 2016. The bright side of microbial dark matter: Lessons 

learned from the uncultivated majority. Curr Opin Microbiol. 31:217–226. 

doi:10.1016/j.mib.2016.04.020. 

Steiner M, Pingel M, Falquet L, Giffard B, Griesser M, Leyer I, Preda C, Uzman D, Bacher S, 

Reineke A. 2023. Local conditions matter: Minimal and variable effects of soil disturbance on 

microbial communities and functions in European vineyards. Lopes AR, editor. PLoS One. 

18(1):e0280516. doi:10.1371/journal.pone.0280516. 

Stevens BM, Creed TB, Reardon CL, Manter DK. 2023. Comparison of Oxford Nanopore 

Technologies and Illumina MiSeq sequencing with mock communities and agricultural soil. 

Sci Rep. 13(1):9323. doi:10.1038/s41598-023-36101-8. 

Stulberg E, Fravel D, Proctor LM, Murray DM, LoTempio J, Chrisey L, Garland J, Goodwin 

K, Graber J, Harris MC, et al. 2016. An assessment of US microbiome research. Nat Microbiol. 

http://www.jemb.bio.uaic.r/


Review  Mlesnita A.M. (2025) J Exp Molec Biol 26(1):x-xx; DOI: 10.47743/jemb-2025-209 

 

www.jemb.bio.uaic.ro Page 25 of 26 

 

1(1):15015. doi:10.1038/nmicrobiol.2015.15. 

Szekeres E, Baricz A, Cristea A, Levei EA, Stupar Z, Brad T, Kenesz M, Moldovan OT, Banciu 

HL. 2023. Karst spring microbiome: Diversity, core taxa, and community response to 

pathogens and antibiotic resistance gene contamination. Sci Total Environ. 895:165133. 

doi:10.1016/j.scitotenv.2023.165133. 

Tanase A-M, Mereuta I, Chiciudean I, Ionescu R, Milea L, Cornea CP, Vassu T, Stoica I. 2015. 

Comparison of Total DNA Extraction Methods for Microbial Community Form Polluted Soil. 

Agric Agric Sci Procedia. 6:616–622. doi:10.1016/j.aaspro.2015.08.102. 

Tanveer A, Yadav S, Yadav D. 2016. Comparative assessment of methods for metagenomic 

DNA isolation from soils of different crop growing fields. 3 Biotech. 6(2):1–5. 

doi:10.1007/s13205-016-0543-2. 

Tao F, Huang Y, Hungate BA, Manzoni S, Frey SD, Schmidt MWI, Reichstein M, Carvalhais 

N, Ciais P, Jiang L, et al. 2023. Microbial carbon use efficiency promotes global soil carbon 

storage. Nature. 618(7967):981–985. doi:10.1038/s41586-023-06042-3. 

Terrat S, Christen R, Dequiedt S, Lelièvre M, Nowak V, Regnier T, Bachar D, Plassart P, 

Wincker P, Jolivet C, et al. 2012. Molecular biomass and MetaTaxogenomic assessment of soil 

microbial communities as influenced by soil DNA extraction procedure. Microb Biotechnol. 

5(1):135–141. doi:10.1111/j.1751-7915.2011.00307.x. 

Terrat S, Plassart P, Bourgeois E, Ferreira S, Dequiedt S, Adele-Dit-De-Renseville N, 

Lemanceau P, Bispo A, Chabbi A, Maron PA, et al. 2015. Meta-barcoded evaluation of the ISO 

standard 11063 DNA extraction procedure to characterize soil bacterial and fungal community 

diversity and composition. Microb Biotechnol. 8(1):131–142. doi:10.1111/1751-7915.12162. 

Toader G, Chiurciu C, Burnichi F, Petre C, Chitonu P, Nistor M, Leonard I, Bora C, Paunescu 

G. 2019. Research on the Action of Fertilizers Based on Bacterial. Lucr ŞTIINŢIFICE Manag 

Agric. XXI(2):71–76. 

Tsai YL, Olson BH. 1991. Rapid method for direct extraction of DNA from soil and sediments. 

Appl Environ Microbiol. 57(4):1070–1074. doi:10.1128/aem.57.4.1070-1074.1991. 

Ulea E, Lipşa FD, Bălău AM, Filipov F, Morari EC. 2017. Diversity of soil bacteria as indicator 

of soil pollution in Moldavia region, Romania. Environ Eng Manag J. 16(4):879–889. 

doi:10.30638/eemj.2017.089. 

Verma D, Satyanarayana T. 2011. An Improved Protocol for DNA Extraction from Alkaline 

Soil and Sediment Samples for Constructing Metagenomic Libraries. Appl Biochem 

Biotechnol. 165(2):454–464. doi:10.1007/s12010-011-9264-5. 

Verma SK, Singh H, Sharma PC. 2017. An improved method suitable for isolation of high-

quality metagenomic DNA from diverse soils. 3 Biotech. 7(3):171. doi:10.1007/s13205-017-

0847-x. 

Vishnivetskaya TA, Layton AC, Lau MCY, Chauhan A, Cheng KR, Meyers AJ, Murphy JR, 

Rogers AW, Saarunya GS, Williams DE, et al. 2014. Commercial DNA extraction kits impact 

observed microbial community composition in permafrost samples. FEMS Microbiol Ecol. 

87(1):217–230. doi:10.1111/1574-6941.12219. 

Volossiouk T, Robb EJ, Nazar RN. 1995. Direct DNA extraction for PCR-mediated assays of 

soil organisms. Appl Environ Microbiol. 61(11):3972–3976. doi:10.1128/aem.61.11.3972-

3976.1995. 

Wajid B, Anwar F, Wajid I, Nisar H, Meraj S, Zafar A, Al-Shawaqfeh MK, Ekti AR, Khatoon 

A, Suchodolski JS. 2022. Music of metagenomics—a review of its applications, analysis 

pipeline, and associated tools. Funct Integr Genomics. 22(1):3–26. doi:10.1007/s10142-021-

00810-y. 

Wang H, Pijl A, Liu B, Wamelink W, Korthals GW, Costa OYA, Kuramae EE. 2024. A 

Comparison of Different Protocols for the Extraction of Microbial DNA Inhabiting Synthetic 

Mars Simulant Soil. Microorganisms. 12(4):1–10. doi:10.3390/microorganisms12040760. 

http://www.jemb.bio.uaic.r/


Review Mlesnita A.M. (2025) J Exp Molec Biol 26(1):x-xx; DOI: 10.47743/jemb-2025-209 

 

www.jemb.bio.uaic.ro Page 26 

 

Wang X, Chi Y, Song S. 2024. Important soil microbiota’s effects on plants and soils: a 

comprehensive 30-year systematic literature review. Front Microbiol. 15. 

doi:10.3389/fmicb.2024.1347745. 

Woese CR, Fox GE. 1977. Phylogenetic structure of the prokaryotic domain: The primary 

kingdoms. Proc Natl Acad Sci. 74(11):5088–5090. doi:10.1073/pnas.74.11.5088. 

Woese CR, Kandler O, Wheelis ML. 1990. Towards a natural system of organisms: proposal 

for the domains Archaea, Bacteria, and Eucarya. Proc Natl Acad Sci. 87(12):4576–4579. 

doi:10.1073/pnas.87.12.4576. 

Wydro U. 2022. Soil Microbiome Study Based on DNA Extraction: A Review. Water. 14(24). 

doi:10.3390/w14243999. 

Xiong C, Lu Y. 2022. Microbiomes in agroecosystem: Diversity, function and assembly 

mechanisms. Environ Microbiol Rep. 14(6):833–849. doi:10.1111/1758-2229.13126. 

Xu L, Dong Z, Chiniquy D, Pierroz G, Deng S, Gao C, Diamond S, Simmons T, Wipf HM-L, 

Caddell D, et al. 2021. Genome-resolved metagenomics reveals role of iron metabolism in 

drought-induced rhizosphere microbiome dynamics. Nat Commun. 12(1):3209. 

doi:10.1038/s41467-021-23553-7. 

Yeates C, Gillings MR, Davison AD, Altavilla N, Veal DA. 1998. Methods for microbial DNA 

extraction from soil for PCR amplification. Biol Proced Online. 1(1):40–47. doi:10.1251/bpo6. 

Zha Y, Chong H, Yang P, Ning K. 2022. Microbial Dark Matter: From Discovery to 

Applications. Genomics Proteomics Bioinformatics. 20(5):867–881. 

doi:10.1016/j.gpb.2022.02.007. 

Zhou J, Bruns MA, Tiedje JM. 1996. DNA recovery from soils of diverse composition. Appl 

Environ Microbiol. 62(2):316–322. doi:10.1128/aem.62.2.316-322.1996. 

 

 

http://www.jemb.bio.uaic.r/

