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KSA; m.odah@psau.edu.sa or mohammad.odah100@gmail.com; Tel: +966-55 820 2366 

Abstract: Microbial communities inhabiting soil ecosystems face diverse and often extreme 
environmental challenges, including fluctuations in pH, temperature, moisture, salinity, and 
pollutant levels. While conventional gene regulation systems enable microbial adaptation, recent 
metagenomic analyses have uncovered widespread ultra-short tandem repeats (STRs)—repetitive 
DNA motifs with unit sizes <15 base pairs—across various prokaryotic genomes. The functional 
significance of these elements remains largely overlooked. This review explores the potential roles of 
ultra-short DNA satellites as dynamic environmental sensors in soil microbiomes. We examine their 
structure, distribution, mutability, and possible regulatory functions, with a focus on how they might 
mediate rapid genetic responses to environmental stimuli. We also evaluate current bioinformatic 
tools for STR detection, recent experimental evidence for STR plasticity under stress, and future 
applications of these sequences as biomarkers or biosensors. By synthesizing findings across 
microbial genomics, epigenetics, and environmental biology, this review proposes a paradigm in 
which STRs act as microbial memory elements and adaptive switches, thus representing an untapped 
frontier in molecular microbial ecology. 

Keywords: ultra-short tandem repeats (STRs); soil microbiomes; environmental stress sensing; 
prokaryotic gene regulation; DNA repeat instability; microbial epigenetics; biosensors; CRISPR-
based editing; long-read sequencing 
 

1. Introduction 

Soil is home to an incredibly diverse and adaptable community of microorganisms. These 
microbes are constantly exposed to tough and changing conditions—fluctuating temperatures, 
varying moisture levels, changes in salinity and pH, and even heavy metal pollution. To survive and 
thrive in such environments, microbes rely on a range of genetic and epigenetic tools, including 
transcriptional regulation, horizontal gene transfer, signaling pathways, and DNA methylation [1–
3]. While these systems are effective at helping microbes respond to their surroundings, recent 
genomic research is shedding light on another layer of adaptation that’s simpler, faster, and possibly 
just as important. 

At the center of this emerging research are tandem repeat sequences, particularly a subset 
known as ultra-short DNA satellites. These consist of very short stretches of DNA—just 2 to 15 base 
pairs—repeated over and over in a row [4]. What makes these short tandem repeats (STRs) so 
interesting is their tendency to change quickly. They can expand or contract during DNA replication 
or repair, especially when the organism is under stress [5–7]. 

In eukaryotes, STRs are well-known for their roles in gene regulation, genome organization, and 
disease, especially in disorders like Huntington’s disease where certain triplet repeats go rogue [8]. 
They can influence gene expression by altering promoter structure, affecting where transcription 
factors bind, or interfering with how efficiently genes are translated [9,10]. But in bacteria and 
archaea—the key players in soil ecosystems—STRs have only recently come into focus. Thanks to 
advancements in long-read sequencing technologies like Oxford Nanopore and PacBio, researchers 
are now able to detect these repetitive regions with far greater accuracy [11,12]. 
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In microbial communities found in soil, STRs are showing up all over the place—between genes, 
in promoter regions, and even within coding sequences. Their locations suggest they could play 
important roles in shaping how microbes behave, especially since changes in repeat length can tweak 
protein functions or turn genes on and off [13]. Their ability to mutate quickly and reversibly, and 
their tendency to appear near regulatory regions, make STRs exciting candidates as real-time sensors 
of environmental change [14–16]. 

In this review, we take a closer look at what we currently know about these ultra-short DNA 
satellites in soil microbes. We explore how they’re structured, where they’re found, and how they 
behave under stress. We also highlight the computational tools that help us find them in messy 
metagenomic datasets, review laboratory evidence that they respond to environmental changes, and 
discuss how they might be used in the future—for example, as biosensors or tools in synthetic biology 
to help monitor or improve soil health. 

2. Structural and Functional Characteristics of Ultra-Short Tandem Repeats 

2.1. Definition and Classification 

Short tandem repeats (STRs), also known as microsatellites, are tiny stretches of DNA made up 
of repeating units that range from 2 to 15 base pairs in length [17]. While they may seem simple, these 
sequences are quite distinct from other types of repetitive DNA. For example, minisatellites have 
longer repeat units (more than 15 bp), and satellite DNA—typically found in centromeres or 
telomeres—is even larger and more structurally complex, especially in eukaryotic genomes [18]. 

In bacteria and other prokaryotes, STRs aren’t randomly scattered. Instead, they tend to show 
up in some key genomic regions where they can have real functional impact: 

• In intergenic regions, they may influence how tightly DNA is wound or how far apart genes are 
spaced. 

• In promoter regions, changes in STR length can adjust how efficiently a gene gets turned on. 
• In the 5′ untranslated regions (5′ UTRs), they can affect how stable an mRNA molecule is, or how 

easily it’s translated into protein. 
• Inside coding regions, changes in the number of repeats can cause frameshifts, potentially 

leading to new protein variants or even nonfunctional truncated proteins [19,20], see Table 1 and 
Figure 1. 

Table 1. Distribution of STRs Across Genomic Regions in Soil Microbes. 

Application 

Area 
Mechanism Example Use Case 

Bioremediation 

Engineered microbes activate 

detoxification pathways via STR-

controlled switches 

Cleanup of oil-contaminated sites 

using programmed microbes 

Microbial 

Memory 

STRs encode historical exposure data as 

length variations 

Recording drought events for 

future microbial adaptation 

Smart Fertilizers 
STR-tuned microbial responses activate 

nutrient pathways only under stress 

Reducing fertilizer waste in 

sustainable agriculture 
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Figure 1. Distribution of STRs Across Genomic Regions in Soil Microbes. 

Thanks to the improved resolution of long-read sequencing technologies, such as Oxford 
Nanopore and PacBio, researchers have begun to uncover just how widespread and important STRs 
are in microbial genomes—far more than previously thought [21]. 

2.2. Mechanisms of STR Instability 

One of the most fascinating (and frustrating) aspects of STRs is how unstable they are. These 
short sequences are prone to rapid changes, which makes them both a challenge to study and a 
powerful tool for genetic flexibility. Three main biological processes are behind this instability: 

1. Replication slippage: During DNA replication, the enzyme DNA polymerase can temporarily 
lose its place on the template strand. When it reattaches, it might misalign by a repeat or two—
causing the newly copied DNA to have more or fewer repeats than the original [22]. 

2. Recombination events: STRs with symmetrical or repetitive sequences can misalign during 
recombination, especially during genetic exchange between similar DNA strands. This can lead 
to increased variation in repeat length [23]. 

3. DNA repair errors: When DNA mismatches or damage are repaired—especially in microbes 
with low-fidelity repair systems—STRs are often hotspots for errors. These imperfect repairs can 
amplify instability, especially in fast-growing microbes [24]. 

The rate at which STRs mutate doesn’t just depend on the mechanisms above. It’s also influenced 
by the length of the repeat unit, its nucleotide composition, and the secondary structures it forms—
such as loops or hairpins, particularly in GC-rich repeats [25]. 

Importantly, environmental stress plays a big role. Factors like oxidative stress, heat shock, or 
salt imbalance can accelerate STR mutations, acting almost like a built-in mechanism for adaptive 
plasticity—a quick way for microbes to explore new traits without large-scale genomic changes 
[26,27]. 

Interestingly, studies have also shown that STR slippage during DNA replication isn’t always 
symmetrical. The leading and lagging strands might show different biases for expansion or 
contraction, depending on the DNA polymerase involved and the specific repeat sequence [28]. 
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2.3. STRs in Prokaryotic Gene Regulation 

While STRs are often recognized for their high mutation rates, they may do more than just 
introduce variability—they could also play direct roles in regulating gene expression in bacteria and 
archaea. In fact, several mechanisms have been proposed, and some have already been observed in 
action, particularly in well-studied pathogens. 

• Frameshifting in coding regions: One of the most striking ways STRs can affect genes is by 
causing a shift in the reading frame. When repeat numbers change inside a coding sequence, 
they can add or delete nucleotides in a way that disrupts the original reading frame. This can 
lead to truncated proteins or completely altered protein domains. Some bacteria, like Neisseria 
and Haemophilus, actually use this mechanism on purpose in a strategy known as phase 
variation. It allows them to switch gene expression on and off, helping them evade the host 
immune system by altering their surface proteins [29]. 

• Promoter modulation: STRs located in or near promoter regions can affect how transcription is 
initiated. By changing the number of repeats, the spacing between important regulatory 
elements—such as transcription factor binding sites or the transcription start site (TSS)—can 
shift. This can either enhance or weaken the expression of nearby genes, depending on the 
context [30]. 

• Transcription factor binding: STR variation can also tweak how easily transcription factors bind 
to DNA. If the repeat sequence overlaps or is close to a regulatory binding site, even a small 
change in repeat length might improve or reduce the factor’s ability to recognize the site. This 
provides microbes with a simple but effective mechanism for adjusting gene activity in response 
to environmental changes [31]. 

One especially fascinating idea is that STRs may help microbes use a "bet-hedging" strategy. In 
this model, even genetically identical cells in the same population can express different traits because 
of random variation in STR length. This diversity increases the chances that at least some cells will 
survive if conditions suddenly change [32]. Because STR changes are often reversible, microbes don’t 
have to commit to a permanent mutation—they can try out a trait temporarily and then revert if it’s 
no longer beneficial. 

In this way, STRs act as tunable switches, offering bacteria a flexible and low-cost way to 
generate diversity, control gene expression, and adapt to their environments—especially in complex 
ecosystems like soil. 

3. Distribution and Prevalence in Soil Microbiomes 

3.1. Metagenomic Evidence 

In recent years, the use of long-read sequencing technologies, such as Oxford Nanopore and 
PacBio SMRT, has revolutionized how we explore microbial genomes—especially when it comes to 
identifying repetitive DNA elements like ultra-short tandem repeats (STRs) [33,34]. Unlike traditional 
short-read methods, which often struggle to correctly assemble repetitive regions, long-read 
platforms can span entire STR regions, giving researchers a much clearer picture of how frequent and 
diverse these sequences really are [35]. 

Thanks to these tools, scientists analyzing soil microbiomes from around the world have 
discovered thousands of STR loci in the genomes of both bacteria and archaea. Many of these repeats 
had gone unnoticed in earlier studies. Interestingly, certain microbial groups—such as Pseudomonas, 
Bacillus, Streptomyces, and even some extremophilic archaea found in salty or desert-like 
environments—tend to have particularly high densities of STRs [36,37]. These microbes are already 
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known for their toughness and metabolic versatility, hinting that STRs might be helping them adapt 
to their challenging habitats, see Table 2. 

Table 2. Relative Frequency of STRs in Key Soil Microbial Genera. 

Environmental 

Stress 

STR Motifs 

Affected 

Microbial Response 

Heavy Metal 

Pollution 

(AAT)n, (GAA)n Expansion near detoxification genes 

Drought Various 

contractions 

Contraction for genomic stabilization 

Heat Shock (GGT)n Expansion near chaperonin genes 

Acidic pH (CGA)n Altered profiles near acid-tolerance genes 

Digging deeper into their genomes, researchers have found that many STRs are clustered in 
regions with high biological activity, including: 

• Mobile genetic elements, like plasmids and transposons, 
• Stress-response genes, such as those involved in heat shock responses, efflux systems, or protein 

folding (e.g., chaperonins), 
• And key metabolic regulators, including genes related to nitrogen fixation, phosphate 

metabolism, and secondary metabolite production [38,39], see Figure 2. 

 
Figure 2. Relative Frequency of STRs in Key Soil Microbial Genera. 

These “hotspots” suggest that STRs may act as genomic tuning knobs—allowing microbes to 
quickly adjust their gene expression and phenotypes in response to environmental changes. In a 
diverse and ever-changing ecosystem like soil, this kind of flexibility could make a big difference in 
survival and ecological success. 
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3.2. Environmental Correlations 

Several recent studies have also begun to reveal how specific types of STRs respond to 
environmental stressors, showing patterns that link repeat expansion or contraction to real-world 
ecological pressures: 

• Soil salinity: In saline soils, researchers have observed expansions of (CA)n repeats in salt-
tolerant bacteria. These repeats are often located near regulatory regions, suggesting they may 
help turn on genes needed for osmotic stress resistance [40,41]. 

• Heavy metal contamination: In soils polluted with cadmium, lead, or other heavy metals, STRs 
like (AAT)n and (GAA)n tend to expand near genes responsible for metal detoxification—
including metallothioneins and ATP-binding transporters [42]. These changes could help 
microbes better cope with toxic environments, either by enhancing gene expression or creating 
phenotypic diversity in the population. 

• Moisture and drought stress: In dry or arid regions, microbes that can tolerate desiccation often 
show a contraction of STR regions. This might act as a genomic stabilizer, reducing the risk of 
harmful replication errors when cells are under stress. Some microbes also display seasonal 
shifts in STR patterns, which suggests they’re using STR dynamics to adjust gene expression 
across different moisture conditions [43,44], see Table 3. 

Table 3. STR Behavior Under Environmental Stress Conditions. 

Environmental 

Stress 

STR Motifs 

Affected 

Microbial Response 

High Salinity (CA)n Expansion near osmotic stress resistance genes 

Heavy Metal 

Pollution 

(AAT)n, (GAA)n Expansion near detoxification genes like ATP-

binding transporters 

Drought Various 

contractions 

Contraction reduces replication errors under 

desiccation stress 

Heat Shock (GGT)n Expansion near chaperonin genes such as groES and 

dnaK 

Acidic pH (CGA)n Altered STR profiles near acid tolerance-related 

genes 

Altogether, these findings point to a bigger picture: STR variation is not random—it may serve 
as a genomic signature of environmental pressure. The presence or pattern of STRs in microbial 
genomes could potentially act as a biomarker for soil health, helping us understand how 
communities respond to pollution, drought, salinity, or even climate change. They may also reflect 
ongoing evolutionary adaptation in real time, giving us a window into how microbes evolve in 
response to their environment. 

4. Environmental Sensing Potential of Strs 

4.1. STRs as Genomic Switches 

One of the most fascinating features of short tandem repeats (STRs), especially ultra-short DNA 
satellites, is their potential to function as natural gene switches in microbial genomes. These 
sequences can act almost like tiny dials, fine-tuning gene activity depending on how many repeat 
units are present. In fact, STRs are capable of turning genes on or off (a binary response) or adjusting 
expression levels gradually (an analog response), simply based on changes in their length [45]. 
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These changes don’t require complicated regulatory pathways. Instead, STRs can: 

• Introduce or remove start codons or promoter elements, directly controlling whether a gene is 
transcribed. 

• Change the spacing between regulatory elements—like transcription factor binding sites—
altering how strongly a gene is activated. 

• Influence mRNA translation by modifying structures in the 5′ untranslated region (5′ UTR), 
which can affect transcript stability and how easily ribosomes bind. 

What makes this system particularly impressive is its simplicity and energy efficiency. Unlike 
classic gene regulation, which depends on the production of proteins like transcription factors or 
signaling molecules, STR-based control needs no additional resources. It's essentially built into the 
replication process: as DNA is copied, STRs naturally expand or contract through replication slippage 
or repair errors. This makes STR-mediated regulation especially useful in resource-limited or 
stressful environments—like arid deserts, salty soils, or polluted sites—where conserving energy is 
crucial for survival [46,47]. 

This fast, reversible system resembles a strategy known as bet-hedging, where members of a 
microbial population diversify their gene expression profiles. That way, some individuals are always 
prepared for unexpected changes in their environment, increasing the odds that at least a portion of 
the population will survive [48]. In this light, STRs aren’t just repetitive sequences—they’re dynamic 
tools that help microbes adapt on the fly. 

4.2. Evidence from In Vitro Stress Studies 

While the theory behind STR-based gene regulation is compelling, lab-based studies have also 
shown clear evidence that STRs respond to environmental stress in real time. Several experiments 
have demonstrated that when bacteria are exposed to stressful conditions, changes in STR length can 
be observed—often near genes involved in stress responses. 
• Heat shock conditions: In thermotolerant bacteria, STRs located near chaperonin genes such as 

groES and dnaK have been seen to expand or contract when the cells are exposed to high 
temperatures. These changes often correlate with increased expression of heat-protective genes, 
suggesting that STR variation is part of the heat response system [49]. 

• Osmotic and acid stress: In bacteria like Halomonas (which tolerates salt) and Lactobacillus 
(which tolerates acid), STR profiles shift when the microbes are cultured in high-salt or low-pH 
environments. These changes are frequently found near genes involved in osmoadaptation, 
supporting the idea that STRs play a role in environmentally driven gene regulation [50]. 

• Pollutant exposure: STRs located near genes that handle toxic compounds—such as efflux 
pumps, redox enzymes, and hydrocarbon-degrading proteins—have shown variation in length 
when bacteria are grown in the presence of pollutants like toluene, benzene, cadmium, and 
arsenic. In some cases, the expanded repeats were linked to greater survival and improved 
detoxification, strengthening the argument that STRs help microbes adapt to contaminated 
environments [51,52], see Table 4. 

Table 4. STR Mutation Rates Under Environmental Stressors. 

Challenge Description Proposed Solutions 

Functional 

Validation 

Lack of experimental proof for STR 

roles in gene expression, especially in 

non-model microbes 

CRISPR-based STR editing and 

RNA-seq validation 
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Mapping STR–

Gene Networks 

No comprehensive databases or tools 

for linking STRs with their regulatory 

targets 

Building STR–gene interaction 

databases with high-throughput 

studies 

In Situ Tracking Technical difficulties due to soil 

complexity, low-abundance species, and 

sequencing limitations 

Use of long-read sequencing and 

tools like STRique/NanoSTR 

Together, these studies support the idea that STRs act as genomic memory elements. That is, 
once a cell experiences stress, STR changes may leave a heritable but flexible “mark” that adjusts how 
the cell or its descendants respond in the future. It’s a powerful example of how simple DNA motifs 
can encode complex environmental experiences. 

4.3. Synthetic Biology Applications 

Thanks to their programmable nature, high mutation potential, and ability to respond 
dynamically to the environment, short tandem repeats (STRs) are beginning to attract attention in 
synthetic biology. Although this potential is still largely untapped, STRs could be engineered to 
perform a variety of useful functions in both environmental and agricultural contexts. Here are a few 
promising directions where STRs could make a big impact: 

• Field diagnostics: Imagine being able to “ask” microbes how stressed their environment is. By 
inserting synthetic STR circuits into soil-dwelling bacteria and linking these to reporter genes—
like GFP (green fluorescent protein) or luciferase—researchers could create microbes that glow 
or signal in response to stressors like heavy metals, salinity, or low pH [53]. These engineered 
biosensors could provide real-time, low-cost monitoring tools for environmental assessments in 
agriculture, mining, or conservation. 

• Bioremediation and biofertilizers: Another exciting application is in designing smart microbial 
helpers for soil health. Beneficial microbes like Rhizobium or Bacillus subtilis could be 
engineered with STR-controlled switches to turn on useful pathways—such as nitrogen fixation, 
phosphate solubilization, or the breakdown of toxic chemicals—only when needed. This would 
make these microbes more efficient and reduce the strain of unnecessary gene expression, 
especially in environments where energy is limited [54]. 

• Microbial memory circuits: STRs could also serve as the foundation for biological memory 
devices. In these systems, the length of a specific STR would act as a “recording mechanism,” 
encoding information about past exposures—like temperature spikes, toxin levels, or drought 
events. This concept opens up possibilities for programmable biosystems that not only sense 
their environment but also remember and respond accordingly, which is particularly useful in 
soil microbiome engineering and environmental archiving [55], see Table 5. 

Table 5. Potential Applications of STRs in Synthetic Biology. 

Application Area Mechanism Example Use Case 

Biosensors STRs linked to reporter genes 

responding to environmental stress 

Detection of heavy metals or 

salinity using fluorescence 

Bioremediation Engineered STR switches activate 

detoxification pathways 

Microbes programmed to clean 

oil-contaminated soils 

Microbial Memory STRs record environmental history as 

length changes 

Tracking exposure to drought or 

pollutants over time 
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Smart Fertilizers STR-tuned microbial expression of 

nutrient pathways 

Reduced fertilizer use through 

responsive nitrogen fixation 

Despite these exciting possibilities, there are still challenges ahead. Current tools for precisely 
controlling STR length and maintaining stability under changing environmental conditions need to 
be improved. Microbial population dynamics—especially in complex systems like soil—can also 
complicate outcomes. Still, with the rapid advancement of synthetic biology, genome editing, and 
computational modeling, STR-based technologies could soon become central tools for monitoring 
and managing the environments where microbes live and work. 

5. Bioinformatic Tools for STR Detection in Environmental Genomes 

Spotting short tandem repeats (STRs) in microbial and environmental genomes isn’t always 
easy. These sequences are small, repetitive, and highly mutable—which makes them both fascinating 
to study and difficult to analyze. Traditional genome assembly tools often collapse repetitive regions 
or miss them altogether, especially in fragmented or complex metagenomic samples [56]. As a result, 
STRs are often underrepresented in standard microbial genome datasets, see Table 6. 

Table 6. Comparison of Bioinformatic Tools for STR Detection. 

Tool Description Strengths Limitations 

TRF (Tandem 

Repeat Finder) 

Identifies tandem 

repeats using 

pattern matching 

Reliable and customizable; 

supports adjustments for 

repeat size and copy 

number 

Less effective for 

ultra-short repeats (<6 

bp) 

Phobos Detects both perfect 

and imperfect STRs 

Good at handling noisy or 

low-quality sequences 

May miss rare or low-

copy-number repeats 

RepeatExplorer Graph-based 

clustering to 

identify repeats 

Great for repeat-rich 

metagenomes 

Computationally 

intensive 

HipSTR Genotyping with 

probabilistic models 

High accuracy with indel-

rich regions 

Requires a reference 

genome 

To overcome these challenges, researchers have developed a range of bioinformatic tools that 
are specifically designed to detect STRs with varying levels of precision, flexibility, and speed. Here’s 
a look at some of the most commonly used tools in STR detection, particularly for microbial and 
environmental samples: 

While these tools have advanced STR research significantly, they each have drawbacks when 
applied to environmental microbiomes—which are often messy, fragmented, and poorly annotated. 
In many cases, the lack of reference genomes and the high diversity of soil microbes further 
complicate STR detection. 

Need for Next-Generation Pipelines 

To truly understand how STRs function and evolve in natural ecosystems, we need more 
powerful and integrated computational solutions. Future STR analysis pipelines should bring 
together: 

• Long-read sequencing data (e.g., Oxford Nanopore, PacBio), which can span entire STR regions 
and maintain repeat architecture. 
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• Machine learning models capable of telling apart real biological STR variation from sequencing 
errors or noise. 

• Environmental metadata, such as soil pH, salinity, or heavy metal concentrations, to link STR 
variation to ecological context. 

• Custom assembly and annotation strategies tailored for STR-rich and diverse metagenomes. 

Several emerging platforms are moving in this direction. For instance, STRique and NanoSTR 
are being developed to leverage real-time signal processing and long-read accuracy for detecting 
STRs in complex samples [61,62]. These tools promise to improve not only STR detection, but also 
our ability to explore how these elements shape microbial adaptation across different environments. 

Ultimately, the integration of genomics, computational biology, and environmental science will 
be essential for turning STRs into powerful ecological indicators and functional regulators in 
microbial ecosystems. 

6. Challenges and Knowledge Gaps 

Although ultra-short tandem repeats (STRs) are increasingly viewed as potential key players in 
microbial adaptation, our current understanding of their function—especially in environmental 
microbiomes—remains limited. Several important technical and conceptual hurdles continue to 
restrict how effectively we can study and apply STRs in microbial ecology and synthetic biology, see 
Table 7, and Figure 3. 

Table 7. Challenges in Studying STRs in Soil Microbiomes. 

Challenge Description Proposed Solutions 

Functional 

Validation 

Lack of causal proof linking STRs 

to gene regulation in microbes 

CRISPR-based STR editing; 

transcriptomic validation 

Mapping STR–Gene 

Networks 

No databases linking STRs to gene 

expression 

Build STR–gene databases using 

omics and high-throughput assays 

In Situ Tracking Complex soil environments 

distort STR tracking 

Long-read sequencing, STRique, 

NanoSTR pipelines 

Environmental 

Selection 

Mechanisms behind stress-

induced STR patterns are unclear 

Field-based population genomics 

and evolutionary modeling 
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Figure 3. Frequency of Common STR Motifs in Soil Microbiomes. 

6.1. Functional Validation Remains Speculative 

There’s growing evidence that STRs can influence gene activity, but so far, most of the support 
is correlational rather than causal. Many STRs found in microbial genomes are still unannotated, or 
simply classified as part of non-coding DNA. Only a few model organisms—like Neisseria and 
Haemophilus—have provided clear experimental proof that STR changes directly control gene 
expression, such as in phase variation mechanisms that help pathogens evade immune responses 
[63,64]. 

In soil microbes, which tend to be less studied and more genetically diverse, these links are much 
harder to establish. Even when STRs sit close to regulatory regions, we don’t yet know if their 
variation is functionally adaptive or just a side effect of genome instability. To clarify this, tools like 
CRISPR-based genome editing are needed to test the precise impact of STR changes in diverse 
microbial backgrounds [65]. 

6.2. STR–Gene Interaction Networks Are Poorly Mapped 

Compared to well-studied regulatory systems—like transcription factor networks or operons—
STR-based gene regulation remains a mystery. We currently lack any large-scale database or ontology 
that links STRs to their regulatory targets. This makes it difficult to predict what effect STR variation 
will have on gene expression, metabolism, or microbial behavior [66]. 

Another key limitation is that STRs may not act alone. In bacteria with operon-based gene 
organization, a single STR could potentially influence multiple genes downstream. Yet these 
network-level effects haven’t been systematically explored, particularly in high-throughput 
experiments like transposon mutagenesis or RNA-seq studies of STR mutants [67]. 

6.3. Tracking STR Changes in the Environment Is Technically Difficult 

Studying STR behavior in situ—that is, directly in natural soil settings—is no small feat. Several 
technical barriers complicate the process: 

• DNA degradation and contamination in soil samples can distort results. 
• Low-abundance microbial species may carry unique STR variants that are difficult to detect. 
• Short-read sequencing technologies, still widely used, often introduce artifacts or fail to resolve 

STR length accurately. 
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Long-read sequencing has helped improve STR resolution, but even this has limits—particularly 
in homopolymeric or complex repeat regions, which are prone to sequencing errors [68]. Tools like 
STRique are being developed to monitor STRs in real-time, but these approaches are still 
experimental and not yet ready for large-scale, diverse microbiome applications [69]. 

6.4. Environmental Selection on STRs Remains Poorly Understood 

Even though we’ve seen patterns between STR variation and environmental stressors (like 
salinity or metal contamination), the mechanisms driving these patterns are not well explained. For 
example, repeat expansions like (CA)ₙ in saline soils are clearly associated, with osmotic stress, but 
we don’t yet understand how or why these repeats evolve that way [70], see Table 8, and Figure 4. 

Table 8. STR Responses to Environmental Stressors. 

Stressor Microbial Species STR 
Motif 

Genomic 
Location 

Effect 

High 
salinity 

Halomonas (CA)n Promoter 
region 

Osmoregulation gene 
activation 

Heavy 
metals 

Pseudomonas, 
Bacillus 

(AAT)n Intergenic Metal detox genes enhanced 

Drought Desert-adapted 
microbes 

(GAA)n 5′ UTR Expression 
dampening/stabilization 

Acidic pH Lactobacillus (TTA)n Coding region Protein modification 

In addition, the evolutionary implications of STR-mediated adaptation are still largely 
unknown. Key questions remain unanswered: 

• Are there fitness trade-offs to STR variability? 
• How do STRs spread or persist across microbial populations over time? 
• Do they undergo horizontal gene transfer? 

 

Figure 4. Effect of Environmental Stressors on STR Mutation Rates. 
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Answering these questions will require long-term field studies, as well as tools from population 
genomics and evolutionary modeling, to place STR dynamics in a broader ecological and 
evolutionary context [71]. 

7. Future Directions 

As interest in ultra-short tandem repeats (STRs) continues to grow, especially within the field of 
environmental microbiology, several exciting research opportunities are beginning to take shape. 
These efforts will not only deepen our understanding of STR function in microbial communities but 
may also open up new applications in biosensing, biotechnology, and ecosystem monitoring. Below 
are some of the most promising directions for future exploration: 

7.1. Functional Genomics with CRISPR-Based Editing 

One of the most pressing challenges is proving that STRs directly affect gene function, rather 
than just coincidentally appearing near important genes. Thanks to recent advances in CRISPR-Cas 
genome editing, scientists can now precisely modify STR regions—expanding, shrinking, or deleting 
them entirely—to test their effects [72]. 

CRISPR interference (CRISPRi) and activation (CRISPRa) systems can be used to dial gene 
expression up or down near STR sites. When combined with tools like RNA sequencing (RNA-seq) 
and proteomics, these approaches can help researchers determine whether STRs act as on/off 
switches, tunable expression knobs, or threshold-based triggers in microbial gene regulation [73]. 

This kind of targeted editing could reveal entirely new layers of regulatory logic in soil microbes 
and offer synthetic biologists precise tools to reprogram them. 

7.2. Field-Deployable STR Biosensors 

Because certain STR patterns are tied to specific environmental stressors, they hold great 
promise as natural biosensors. Imagine a soil test kit that uses STR-based qPCR to detect early signs 
of salinity stress, metal pollution, or drought. Specific repeats, like (CA)ₙ or (AAT)ₙ, could be linked 
to known environmental pressures, making them useful biomarkers for soil health [74]. 

To make these diagnostics more accessible, researchers are exploring isothermal amplification 
methods like LAMP, which don’t require advanced lab equipment. Such biosensors could be used 
on farms, in conservation areas, or at contaminated sites—providing fast, affordable, and actionable 
environmental insights [75]. 

7.3. Global Comparative STR Ecology 

We still know surprisingly little about how STRs vary across ecosystems. By conducting large-
scale, comparative studies of STRs in soil microbiomes from deserts, rainforests, tundra, aquatic 
environments, and urban or agricultural zones, scientists can begin to uncover biogeographic 
patterns in STR diversity [76]. 

Standardized pipelines for detecting and analyzing STRs—paired with detailed environmental 
metadata like soil pH, temperature, altitude, and land use—will be key to identifying which STRs are 
universal stress indicators and which are specific to certain ecosystems. These insights could help 
refine ecological monitoring systems and even guide microbiome-based restoration efforts. 

7.4. Linking STRs with Epigenomics and Genome Architecture 

STRs don’t act alone—they likely work in tandem with other layers of epigenetic regulation, 
including DNA methylation, binding of nucleoid-associated proteins, and DNA supercoiling [77]. To 
fully understand how STRs influence microbial function, we need to explore these relationships at 
the systems level. 

Emerging tools like nanopore-based methylation sequencing, Hi-C (for studying 3D genome 
architecture), and ChIP-seq adapted for bacterial chromatin could reveal whether STRs are 
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embedded within epigenetically active or structured regions, and how STR length affects gene 
accessibility and expression [78]. 

Furthermore, it's possible that environmental stress triggers changes not only in STR length but 
also in epigenetic marks—suggesting that microbes may use STRs as part of a broader genomic 
“memory” system to remember and respond to past conditions, see Table 9. 

Table 9. Outstanding Research Challenges and Proposed Strategies. 

Challenge Description Proposed Solution 
Limited functional 
validation 

STR–gene regulation relationships 
remain mostly correlative 

Apply CRISPR editing and RNA-
seq to test causality 

Poor STR annotation in 
metagenomes 

STR-rich regions often missed or 
unannotated in microbial genomes 

Use long-read sequencing and 
improved annotation pipelines 

In situ monitoring 
complexity 

Detecting STR variation in real 
environments is technically 
difficult 

Develop field-deployable STR 
biosensors and qPCR assays 

Lack of regulatory 
network integration 

STR effects not mapped in operon 
or pathway context 

Integrate STR studies with 
transcriptomics and 
metabolomics 

8. Conclusion 

Ultra-short tandem repeats (STRs) have long been overlooked as genomic "noise" or 
evolutionary remnants; however, emerging evidence suggests they may play critical roles in 
microbial adaptability, gene regulation, and environmental sensing. In the context of soil 
microbiomes, where microbes are constantly subjected to fluctuating conditions—including changes 
in pH, salinity, moisture, temperature, and pollutant exposure—STRs offer a rapid, reversible, and 
energetically efficient mechanism for fine-tuning genetic responses. 

This review has synthesized current knowledge on the structure, distribution, and potential 
functionality of ultra-short DNA satellites in prokaryotes, highlighting how recent advances in long-
read metagenomics and bioinformatics have unveiled their widespread presence in key 
environmental bacterial taxa such as Pseudomonas, Bacillus, and Streptomyces. STRs are frequently 
associated with mobile genetic elements and stress-response loci, suggesting a strategic placement in 
genomic regions linked to survival and resilience. 

Despite this progress, major knowledge gaps persist. Most STRs lack direct functional 
validation, and their roles in transcriptional or post-transcriptional regulation remain speculative in 
many non-model microbes. Moreover, the challenge of detecting STR dynamics in situ, especially in 
diverse and low-biomass soil environments, continues to limit ecological insight. Tools such as TRF, 
Phobos, RepeatExplorer, and HipSTR offer useful starting points for STR discovery, but future 
analytical frameworks must integrate machine learning, long-read accuracy, and environmental 
metadata to be fully effective. 

Looking ahead, the field is poised for transformative advances through the application of 
CRISPR-based STR editing, development of field-deployable STR biosensors, and comparative 
metagenomics across global biomes. Furthermore, integrating STR studies with epigenetic profiling 
and 3D genome mapping could uncover complex, multiscale regulatory networks underpinning 
microbial life in soils. 

In sum, ultra-short DNA satellites represent a frontier of microbial genome science—not only as 
markers of genomic plasticity but as dynamic, evolvable elements that encode adaptive potential. 
Unlocking their regulatory logic and ecological significance may yield new insights into microbial 
evolution, soil health monitoring, and the development of smart microbial tools for agriculture, 
remediation, and climate resilience. 
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