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Abstract Rice, as one of the most important food crops in the world, often suffers from various environmental stresses such as
drought, salt stress and pathogen infection. These adverse factors seriously affect its yield and quality. This study systematically
reviewed the dynamic changes of DNA methylation under adverse conditions, including methylation types such as CG, CHG, and
CHH and their regulatory enzymes (such as MET1, DRM2, and CMTs), and summarized the regulatory roles of key mirnas such as
miR156, miR169, and miR398 in the process of rice stress resistance. Especially in the fine regulation of transcription factors and
signaling pathways, the interaction mechanism between DNA methylation and miRNA expression was analyzed with emphasis, such
as the influence of methylation on the expression of miRNA gene promoters and the feedback regulation of miRNA on the expression
of DNA methyltransferases. This study reveals the interaction mechanism between DNA methylation and miRNA in the stress
response of rice, providing a theoretical basis and potential target resources for future molecular breeding of highly resistant rice.
Keywords Rice (Oryza sativa); DNA methylation; microRNA; Response to coercion; Epigenetic regulation

1 Introduction

When it comes to global food security, the importance of rice (Oryza sativa) is almost beyond doubt. It is a staple
food on the dining tables of many countries and feeds more than half of the world's population. But then again, in
the fields, rice does not grow carefree. Drought, salinity and alkalinity, as well as the invasion of pathogens, these
environmental pressures often lead to reduced rice production and even directly affect the quality of the grains.
The various stresses mixed together disrupt the complex physiological mechanisms and molecular regulation
within plants (Yin et al., 2024). Scientists have been seeking answers - what mechanisms determine whether rice
can withstand it.

DNA methylation is one of the clues that cannot be avoided. It is a regulatory tool at the epigenetic level, which
regulates whether genes are expressed by influencing the methylation status of their promoters. Especially when
plants are confronted with adverse conditions such as drought, cold or salt stress, this regulation becomes
particularly crucial because it involves responses at multiple levels including abatric acid signaling and chromatin
structure adjustment (Garg et al., 2015; Sun et al., 2022). But things are not that simple. microRNA (miRNA), as
another post-transcriptional regulatory system, also gets involved. They usually "turn off" target genes by cutting
mRNA or blocking translation. But more complex is that some mirnas themselves can also affect the DNA
methylation pathway, or conversely be regulated by DNA methylation (Campo et al., 2021; Jia et al., 2025).
Recent studies have even found that some mirnas directly target DNA methylation regulators, which makes it
necessary to rethink the relationship between the two: They do not operate independently of each other, but jointly
determine the response mode of rice to stress through mutual restraint or activation (Du et al., 2024). If this
interaction mechanism can be clarified, perhaps new entry points can be found to enhance the stress resistance of
rice, and thus varieties can be improved more specifically. This is precisely the starting point for our further
research.

This study will review the role of DNA methylation and miRNA networks in rice stress responses, with a focus on
elaborating the interaction and regulatory mechanisms between the two. It will summarize the latest progress in
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DNA methylation and miRNA research, and subsequently explore the molecular mechanisms of their interaction
and discuss the experimental evidence from recent studies. And it is emphasized to elaborate on its significance
for rice breeding and stress resistance improvement. By integrating epigenetic and small RNA regulatory
perspectives, this study aims to provide a comprehensive framework for future research and practical applications
to enhance the adaptability of rice to environmental stress, thereby promoting sustainable agriculture and food
security.

2 Regulatory Mechanisms of DNA Methylation in Rice Stress Response

2.1 Types of DNA methylation (CG, CHG, CHH) and associated enzymes (MET1, DRM2, CMTs)

DNA methylation in rice is not merely A matter of "whether there is or not", but rather in which sequence context
it occurs: CG, CHG or CHH (where H refers to A, T or C). Behind each type, there is a specific enzyme
"responsible". Like CG methylation, it is maintained by MET1; CHG was handed over to CMTs. For the CHH
part, an RNA-mediated mechanism is required, which is de novo established by DRM2 (Yin et al., 2024). These
seemingly complex divisions of labor are actually aimed at stabilizing the genome and keeping transposons silent.
Especially when stress strikes, they can help plants adjust their gene expression in a timely manner, which can be
regarded as a set of underlying "programming" for maintaining the order of the system.

2.2 Changes in methylation levels under stress conditions and their impact on gene expression

Not all rice varieties exhibit the same behavior under stress; some undergo significant methylation changes, while
others remain relatively stable. DNA methylation levels can change under conditions such as drought or salt stress,
or even abnormal temperatures. This change itself is not entirely a bad thing. For instance, in drought-tolerant rice,
the methylation group is relatively stable, and the number of DMRs that occur after drought is not large. This
actually reflects that their regulation is more "stable" (Wang et al., 2016). The positions of increased or decreased
methylation are different, and the regulated target genes are also different. Some are related to the ABA pathway,
and some are related to the clearance of ROS (Guo et al., 2019; Cai et al., 2022). That is to say, methylation
regulation is not a one-way switch; it can both inhibit and activate, depending on the specific gene and context.

2.3 Identification of differentially methylated regions (DMRs) related to stress response in rice

To understand how rice senses environmental stress, DMRs is a key piece of the puzzle. Genome-wide studies
have found that some DMRs often occur near genes related to the pathways regulating programmed cell death,
nutritional adjustment, and stress tolerance (Garg et al., 2015). Moreover, the distribution of these DMRs varies
among different varieties. After comparing the hardy and sensitive varieties, it was found that there were
differences in the number and position of DMR and even the abundance of related small Rnas (Rajkumar et al.,
2020). Such differences can sometimes even be linked to the intensity of gene expression. If used properly, this
information can be employed as a "marker" in breeding, especially when one intends to specifically regulate
certain stress-resistant traits.

3 Functional Roles of miRNAs in Rice Stress Adaptation

3.1 Overview of miRNA biogenesis and target regulation mechanisms

Before discussing how mirnas participate in the stress response of rice, it is necessary to understand how they are
generated and how they function. miRNA does not exist in a mature form from the very beginning. Their journey
starts with pri-miRNA, undergoes step-by-step processing to become pre-miRNA, and then is cleaved into true
mature miRNA. After these mature mirnas enter the RISC complex, they start to "recognize" and regulate the
target mRNA. Sometimes they promote the degradation of mRNA, and sometimes they merely inhibit translation.
Although the process seems like a stereotypical molecular mechanism explanation, it is precisely this mechanism
that enables rice to rapidly regulate a number of key genes when facing drought, high salt or other stresses (Kaur
et al., 2024). Not every response is regulated by gene upregulation or hormones. The miRNA layer is also very
"tough".
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3.2 Roles of specific miRNAs (e.g., miR156, miR398, miR169) in responses to drought, salinity, and other
stresses

Some members of the miRNA family are particularly active in adverse conditions, such as miR156, which
regulates SPL transcription factors and thereby affects reactive oxygen species levels. It also has an adaptive
response to heavy metals like cadmium (Lu et al., 2024). The "means" of miR398 is to maintain the stability of
ROS by targeting copper proteins, such as superoxide dismutase, which is particularly crucial during drought
stress (Balyan et al., 2017). Looking at miR169, it regulates the NF-YA transcription factor and has an important
impact on adaptation to water deficiency. Interestingly, there is also miR172, which does not directly act on
stress-related genes but regulates the ROS clearance pathway through the IDS1 module, indirectly maintaining
homeostasis under salt stress (Cheng et al., 2021). The expression patterns of these mirnas are often different in
salt-tolerant and sensitive varieties, and it is precisely they that enable rice to adjust its state "adaptively".

3.3 Fine-tuning of transcription factors and stress-related pathways by miRNAs

Not all regulation relies on "turning a gene on or off". The remarkable aspect of miRNA lies in the fact that it does
not directly act but rather "targets" the regulators - various transcription factors, such as MYB, NF-YA, ARF,
NAC, SPL and other families. They act like a central system, responsible for transmitting stress signals to
downstream gene networks. And miRNA is like installing a governor on this system. It can indirectly affect
hormone pathways, such as abscisic acid or antioxidant mechanisms, ultimately manifested in stomatal movement,
photosynthetic efficiency, and even leaf senescence (Parmar et al., 2020; Kaur et al., 2024). Under drought or salt
stress, rice does not become a mess but fine-tunes the intensity and speed of its response through these mirnas.
From the perspective of breeding, who wouldn't want a stress-resistant rice plant that "regulates itself"?
Understanding these networks might just be the breakthrough for improvement.

4 Molecular Mechanisms of DNA Methylation and miRNA Cross-talk

4.1 Regulation of miRNA gene promoter activity and expression by DNA methylation

miRNA expression is often influenced by the degree of promoter methylation, a phenomenon that has been
supported by research in rice. In some cases, once cytosine on the promoter is methylated, it may directly suppress
the transcriptional activity of miRNA. Especially in the experiments of rice tissue culture, it was observed that
while the DNA methylation level decreased, the expression of multiple mirnas (including previously unidentified
ones) also changed (Wang et al., 2022). This change is not one-way. Interestingly, those 24-nt long mirnas
(Lmirnas) generated by the DCL3 pathway can in turn guide DNA methylation at their own sites. That is to say,
mirnas may be involved in regulating their own expression (Chellappan et al., 2010). In this way, the entire
expression process is no longer just a passive response but forms a feedback regulation loop.

4.2 miRNA-mediated feedback regulation of DNA methyltransferase genes

The matter is not limited to the promoter level. Some mirnas directly act on the core factors that regulate DNA
methylation themselves, such as mrnas targeting methyltransferase genes (like DRM2 or CMTs), thereby
interfering with the expression levels of these enzymes. This mechanism makes miRNA an important participant
in regulating the entire DNA methylation map, not through indirect influence but through direct regulation (Fuso
et al., 2020). For instance, in a study simulating the lunar orbit environment, some stress-induced mirnas in rice
were predicted to target DNA methylation regulators, indicating that they were also involved in methylation
regulation under special conditions (Du et al., 2024). This mutually regulatory relationship provides plants with
flexibility in responding to external changes and also explains why epigenetic regulatory systems are often not
static.

4.3 Joint effects on genome stability and transposon activity in rice

The stability of the genome is often more prone to problems under stress, and DNA methylation and miRNA play
the role of "guards" here. For instance, some key genes (such as OsDDM 1 and OsDRM?2) can silence transposition
elements through methylation in the CHG and CHH regions, preventing them from "running around" in the
genome and disrupting normal functions (Tan et al., 2016). However, this process is not entirely dependent on
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DNA methylation itself. Mirnas of 24 nt are also involved in the control of TE, especially family members like
miR812w derived from Stowaway MITE. They can also guide methylation to the relevant TE sites (Figure 1)
(Campo et al., 2021). Sometimes, when there is a problem with this regulatory system, such as in the regenerated
plants produced by tissue culture, methylation at the CHG and CHH sites decreases, and the types of small Rnas
also change. As a result, some tes are activated, and the phenotype fluctuates accordingly (Wang et al., 2022). This
indicates that miRNA and DNA methylation do not operate independently but cooperate to construct a regulatory
network, which not only ensures the integrity of the genome but also enables rice to flexibly respond to various
environmental stresses.
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Figure 1 Resistance of rice plants overexpressing MIR812w (miR812w-OE) to M. oryzae infection (Adopted from Campo et al.,
2021)
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5 Integrated Analysis Strategies Across Regulatory Networks

5.1 Integrated analysis of WGBS (whole genome bisulfite sequencing) and small RNA-seq data

WGBS can provide a panoramic view of DNA methylation, especially the cytosine modification information in
units of bases. small RNA-seq is mainly used to analyze the types and abundance of mirnas. The combination of
these two types of data is actually quite interesting. It is not always necessary to go to such great lengths for dual
sequencing, but in stress studies, they often manage to uncover some epigenetic synergies (Naing et al., 2025). For
instance, when the methylation status of some miRNA promoter regions changes, the expression level fluctuates
accordingly. Sometimes miRNA can also participate in the DNA methylation process in reverse, influencing the
regulatory state of its target (Conesa et al.,, 2016; Ge et al., 2018). Although processing these datasets is
time-consuming, ensemble analysis does enable us to clearly understand the direction of some regulatory paths,
especially when rice is under stress.

5.2 Construction of co-expression and regulatory networks

When it comes to gene regulation, the analysis of individual elements is far from sufficient. Constructing a
network is a clearer approach. How miRNA is regulated, which genes act together, and which expression
fluctuations are dominated by methylation can all be sorted out through co-expression networks or regulatory
networks. Some highly connected nodes in the network, such as certain transcription factors or methyltransferases,
are often core hubs, and these modules are particularly sensitive to stress responses (Ge et al., 2018). However,
sometimes the network seems very complex, but only a few points may actually work. This is also the most
attractive aspect of network analysis - it can "find the main axis from the chaos".

5.3 Systems biology modeling of epigenetic-transcriptional regulatory networks

It is actually not easy to incorporate methylation, miRNA and transcriptional responses into one logical system.
This is also why an increasing number of studies are resorting to systems biology methods to simulate the
interaction trajectories among these molecules through modeling. In the model, we can determine whether the
elevated expression of a certain miRNA will bring about synchronous changes in the expression of downstream
genes, or whether the methylation status of a promoter will interfere with its miRNA binding region (Butler et al.,
2018). Although these models may not fully restore biological systems, they can provide us with a dynamic
predictive perspective on which factors are more likely to be key to regulation and which steps deserve priority
attention in stress-resistant breeding (Huang et al., 2025). The value of this kind of analysis lies in that it enables
us to avoid detours and gain more certainty.

6 Case Study: Interplay of DNA Methylation and miRNA Networks Under Stress Conditions
in Rice

6.1 Empirical study on co-regulation by miR393 and DNA methylation under drought stress

When drought strikes, rice does not respond solely through a single pathway. For instance, the mutual restraint
between miRNA and DNA methylation is one of its adaptive mechanisms. miR393 is a well-studied example. It
regulates some transcripts related to the auxin signaling pathway, and these transcripts are closely related to
drought responses. The problem is that miR393 itself is also regulated - the methylation status at its promoter
region and target gene loci can change, and this change may affect its expression level and the dynamic expression
of downstream genes (Nadarajah and Kumar, 2019; Yin et al., 2024). That is to say, for rice to "hit the brakes"
under drought conditions, the coordination between miR393 and DNA methylation becomes very important and
cannot be accomplished by a single molecule alone.

6.2 Coordinated changes in miRNA patterns mediated by OsDCL3b and methylation profiles under salt
stress

In a high-salt environment, the internal regulatory network of rice will respond as a whole, among which
OsDCL3b is an indispensable core member. This protein itself is involved in the synthesis of 24 nt small Rnas,
and these small Rnas are closely related to DNA methylation. They can silence some genes related to stress
responses through RNA guidance, especially those transposition elements that may cause side effects when
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6.3 Comparative analysis of DNA methylation and miRNA regulation among rice varieties

The differences in regulatory networks among different varieties are not as simple as just a minor "modulation
expression level". Hardy rice varieties like Nagina 22 and Pokkali show many regions different from those of
sensitive varieties on the DNA methylation map. These differentially methylated regions (DMRs) often occur near
genes related to stress responses, and their miRNA expression patterns are also significantly different (Garg et al.,
2015). This linked regulation of epigenetics and miRNA levels might precisely be the root cause for their "better
survival" in adverse circumstances. A systematic comparison of these differences can not only help us understand
the molecular mechanisms behind genotypes, but also point out more valuable targets for stress-resistant breeding
(Zhang et al., 2018).

7 Conclusions and Future Perspectives

It has gradually become clear that DNA methylation and miRNA play important roles in the process of rice coping
with adverse conditions. However, the relationship between them is not simply a matter of "who controls whom",
but rather a state of mutual influence and checks and balances. For instance, sometimes changes in miRNA
expression are due to alterations in the methylation of the promoter region. In some other cases, miRNA itself can
target DNA methyltransferases or other regulatory elements, which in turn affect the entire methylation process.
Such a loop structure means that regulation can be very precise, but at the same time it is also more difficult to
predict. For plants, this complex regulatory network is actually beneficial - it enables rice to adjust gene
expression more flexibly to adapt to various stresses such as drought and salinity.

But then again, this "DNA methylation-mirNA" regulatory axis is not easy to be fully clarified. A practical issue is
that in many stressful scenarios, methylation and miRNA changes occur simultaneously. It is still not clear for the
time being whether the causal order came first, the chicken or the egg. Moreover, both of these have strong tissue
specificity and developmental stage specificity, which means that even if you get a bunch of omics data, it may
still be very difficult to sort out a clear logical line. Not to mention that different rice varieties respond differently
to stress. When the data is mixed up, the analysis becomes even more troublesome.

In the future, if we want to take this research a step further, it may be necessary to rely on some more "subtle"
technologies, such as single-cell sequencing or spatial transcriptomics, in combination with epigenomic analysis,
to observe the response trajectories of specific cell types under stress. Meanwhile, tools like CRISPR/dCas9 have
also begun to be used to "rewrite" the methylation state of DNA. If these new tools can be combined with miRNA
research, it might be possible to precisely control a certain epigenetic factor in a living state. In the long run, if
these molecular-level understandings are introduced into breeding practices, there will be an opportunity to
cultivate new rice varieties that can maintain stable yields even in harsh environments by identifying key
regulatory nodes. By then, enhancing resilience may no longer be just a laboratory goal, but a practical approach
that truly reaches the fields and villages.
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