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Abstract This study focuses on the role of reactive oxygen species (ROS) when potatoes encounter stress. ROS is a signaling
molecule present in plants. When plants face external stress (such as environmental changes or pests and diseases), ROS plays an
important role. However, it also has certain counter-effects. If the content of ROS in plants is too high, it will cause oxidative stress
and damage cells. In order to control the amount of ROS, potatoes will activate some antioxidant enzymes, such as superoxide
dismutase (SOD), catalase (CAT) and peroxidase (PRXs), which can remove excess ROS and protect cells from damage, while also
making plants more resistant to stress. ROS will participate in regulating responses under stress such as drought, high salt, high or
low temperature environments, as well as pathogens and leaf-eating insects. It not only helps to transmit stress signals, but also
cooperates with some plant hormones (such as ABA, SA and JA) to regulate the plant's defense mechanism. Through this study, we
also found that there are interactions between ROS signals and other signaling pathways (such as calcium signals). The study also
discusses how to use this knowledge to improve potato's stress resistance.
Keywords Reactive oxygen species (ROS); Potatoes (Solanum tuberosum L.); Stress tolerance; Oxidative damage; Antioxidant
enzymes

1 Introduction
Potato (Solanum tuberosum L.) is one of the most important food crops in the world. It is a staple food in many
countries and contributes greatly to global food security. It is not only rich in nutrients, but also adaptable to a
variety of climates and soil conditions, so it plays an important role in global agriculture (Ma et al., 2021a).
Potatoes are also of high economic value. People not only eat it directly, but it is also an important raw material
for the food processing industry (Koubaa et al., 2021).

Potatoes often encounter a lot of stress during the planting process, which will affect its yield. Abiotic factors such
as drought, salinity, and hypoxia will cause a lot of reactive oxygen species (ROS) in plants, causing oxidative
stress (Fan, 2014; Sahoo et al., 2020; Zhang et al., 2021). In addition, pathogens such as Phytophthora infestans
and Erwinia carotovora can also cause potatoes to produce ROS, which can damage cells and make the plants
unhealthy (Hua et al., 2020; Luo et al., 2021). To ensure stable potato yields, we need to breed varieties with
strong stress resistance (Ma et al., 2021a).

This study focuses on the specific role of reactive oxygen species (ROS) in potato response to stress. ROS is an
important signaling molecule in many plant activities, including the response to stress. However, if there are too
many ROS, it will also damage plant cells, so plants need to remove excess ROS. What we want to find out is how
potatoes regulate and remove excess ROS when faced with stress, and try to find ways to improve potatoes' ability
to resist stress. We will also study the regulation of ROS in cells and how it helps potatoes resist external stress.

2 Overview of reactive oxygen species (ROS) in potatoes
Reactive oxygen species (ROS) are a class of molecules that are particularly reactive and play an important role in
the life activities of potatoes, especially when faced with external stress. Common ROS include superoxide anions
(O2-), hydrogen peroxide (H2O2), and hydroxyl radicals (•OH). These molecules are usually generated as a
byproduct of plant metabolism. In potatoes, ROS participate in signal transmission and also help plants cope with
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stress. They are like signal "couriers" and play a role in many physiological activities (Fan, 2014; Zhang et al.,
2021; Ma et al., 2021b). The amount of ROS needs to be balanced. Too many can harm cells, such as destroying
fats, proteins, and DNA, but if the amount is right, they are important for the normal functioning of cells, such as
helping growth, development, and resisting pathogens (Luo et al., 2021; Ma et al., 2021a; Sahoo et al., 2021).

2.1 Types of ROS relevant to potato physiology
The common types of ROS in potatoes are mainly superoxide anions (O2-) and hydrogen peroxide (H2O2).
Superoxide anions are mostly generated during electron transfer in mitochondria and chloroplasts during
photosynthesis or respiration. It is not very stable and is quickly converted into hydrogen peroxide by an enzyme
called superoxide dismutase (SOD) (Fan, 2014; Koubaa et al., 2021). Hydrogen peroxide is more stable than
superoxide anions. It can also pass through cell membranes and regulate plant development and response to stress
like a signal (Ma et al., 2021b; Sahoo et al., 2021). There is also a type of ROS called hydroxyl radical (•OH),
which is generated from hydrogen peroxide through a process called Fenton reaction. This molecule is particularly
reactive and can cause great damage to cells. But cells control its production very strictly to prevent it from
causing serious damage (Hua et al., 2020; Ma et al., 2021a).

2.2 Cellular sources of ROS in potatoes
In potato cells, ROS mainly come from three places: chloroplasts, mitochondria and plasma membrane.
Chloroplasts are where plants carry out photosynthesis, and in this process, electrons accidentally run to oxygen to
form superoxide anions (Fan, 2014; Koubaa et al., 2021). Mitochondria are also a source of ROS, especially when
they are under stress and the respiratory chain is affected, ROS are more likely to appear (Huang et al., 2016).
There is also the plasma membrane, where NADPH oxidase can directly generate superoxide anions. These
enzymes are important for plants because the ROS they produce can be used as signals to activate a series of
defense responses (Luo et al., 2021; Ma et al., 2021b).

2.3 Dual role of ROS: essential signaling molecules vs. oxidative stress agents
ROS has two different roles in potatoes. On the one hand, it is an essential signaling molecule that can regulate
many important processes, such as plant growth, development, and response to various stresses. It can also affect
the expression of some genes, allowing plants to better fight pathogens (Ma et al., 2021a; Zhang et al., 2021;
Otulak-Kozieł et al., 2022). On the other hand, if too much ROS accumulates, it will cause oxidative stress,
damage various cell structures, and make cells malfunction. If the plant's antioxidant system is not strong, for
example, the enzymes that remove ROS (such as catalase and peroxidase) are not active enough, then the cells are
easily damaged or even die (Hua et al., 2020; Koubaa et al., 2021; Sahoo et al., 2021) (Figure 1).

3 ROS Production in Potatoes Under Stress
3.1 Abiotic stress
3.1.1 Drought-induced ROS production and effects on photosynthesis in potatoes
When potatoes encounter drought, more reactive oxygen species (ROS) are produced in their bodies. Most of
these ROS are produced in chloroplasts during photosynthesis. Once ROS increases, it may interfere with
photosynthesis, reduce efficiency, and may also damage cells (You and Chan, 2015; Miller et al., 2021). However,
the accumulation of ROS under drought also has benefits. It can serve as a signal to initiate some responses to
stress and help potatoes adapt to the environment. But if there are too many ROS and they are not removed in time,
it is easy to cause cell damage (Czarnocka and Karpiński, 2018; Panda et al., 2024).

In order to reduce the damage caused by ROS, potatoes will activate some protective mechanisms. These include
enzymes such as superoxide dismutase (SOD) and catalase (CAT), as well as some non-enzymatic antioxidants
(ascorbic acid and glutathione), which work together to remove excess ROS and protect cells from damage (Das
and Roychoudhury, 2014; Hasanuzzaman et al., 2020). Whether the generation and removal of ROS can be
balanced is important for cell health and plant drought resistance (Mahalingam and Fedoroff, 2003; Jajić et al.,
2015).
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Figure 1 Effect of in vitro PEG mediated osmotic stress on antioxidative enzyme activities of leaf tissues of Chinese potato genotypes
(Adopted from Sahoo et al., 2021)
Image caption: (a) superoxide dismutase (SOD, U g–1 FW), (b) catalase (CAT, µM min–1g–1 FW) and (c) guaiacol peroxidase (GPX,
µM min–1g–1 FW), Values are the mean of three replicates and bars represent standard error of means. Different letters in upper case
represent significant differences between the treatments (control, –0.2 MPa and –0.5 MPa) in the genotypes and lower case represents
significant difference among the genotypes under each treatment according to Tukey’s test (Adopted from Sahoo et al., 2021)

3.1.2 Salinity stress: ionic imbalance and ROS generation in potato cells
Under saline-alkali stress, potatoes absorb excessive sodium and chloride, which disrupts the ion balance in cells,
easily causing cell dehydration, and leading to more ROS generation. These excessive ROS attack key molecules
such as fats, proteins, and nucleic acids, affecting cell function, and in severe cases, causing cell death (Miller et
al., 2021; Zhang et al., 2021). Ion imbalance prevents plants from maintaining a normal state in cells and
aggravates stress responses (Czarnocka and Karpiński, 2018; Panda et al., 2024). To combat the above situation,
potatoes activate some special signaling pathways to activate genes related to ROS removal. At the same time,
they synthesize a substance called "compatible solutes" to help maintain water balance in cells and reduce the
damage caused by ROS (You and Chan, 2015; Hasanuzzaman et al., 2020). The interaction between these ROS
and ion regulation is key to potato's response to salinity stress (Alscher et al., 1997; Mahalingam and Fedoroff,
2003).
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3.1.3 Effects of extreme temperatures on ROS production in potato tissues
The level of ROS in potatoes increases when exposed to high or low temperatures. High temperatures accelerate
the metabolic activity of cells, causing a rapid increase in ROS. Low temperatures may cause problems in the
photosynthesis system and also lead to ROS accumulation (Hasanuzzaman et al., 2020; Panda et al., 2024). ROS
triggered by these temperatures can cause oxidative stress, damage cells, and affect the normal development of
plants (Jajić et al., 2015; Czarnocka and Karpiński, 2018). Potatoes will activate some protective mechanisms to
cope with it, such as producing heat shock proteins or low temperature response genes, which can help stabilize
proteins and cell membrane structures. At the same time, the antioxidant system will also increase its efforts to
remove excess ROS (Das and Roychoudhury, 2014; You and Chan, 2015). Whether or not ROS levels can be
regulated in time and these protective responses can be initiated is the key to potato's ability to withstand extreme
temperatures (Alscher et al., 1997; Mahalingam and Fedoroff, 2003).

3.2 Biotic stress
3.2.1 ROS bursts during pathogen attacks on potatoes
When pathogens invade, potatoes will produce a large amount of ROS in a short period of time. This phenomenon
is called "oxygen burst". Oxygen burst is a reaction used by plants to prevent the spread of pathogens and is part
of the early defense response. ROS will cause some cells to die, thereby controlling the pathogens in a local area
(Mahalingam and Fedoroff, 2003; Czarnocka and Karpiński, 2018). These ROS will also serve as signals to
activate the expression of defense genes and improve the immunity of the entire plant (Alscher et al., 1997; Das
and Roychoudhury, 2014). However, this process must be strictly controlled, otherwise it is easy to damage the
plant's own tissues. In this process, the antioxidant system of potatoes will intervene to adjust the level of ROS to
ensure that they only work when needed and do not cause excessive damage (Jajić et al., 2015; Hasanuzzaman et
al., 2020). This balance is very important for disease resistance (Czarnocka and Karpiński, 2018 ; Panda et al.,
2024 ).

3.2.2 Role of ROS in potato herbivore defense mechanisms
When insects eat potatoes, potatoes also use ROS as a defense. On the one hand, these ROS can directly damage
the cell tissues in the insect body, playing a deterrent role; on the other hand, ROS can also act as a signal,
allowing the plant to produce some toxic or insect-unpleasant compounds, thereby playing a repellent role
(Alscher et al., 1997; Mahalingam and Fedoroff, 2003). This ROS-induced reaction is an important part of potato's
defense against insects (Das and Roychoudhury, 2014; Czarnocka and Karpiński, 2018). In this process, ROS
usually also activates signaling pathways, prompting the plant to synthesize defense compounds such as phenols
and alkaloids, increasing potato's resistance to insects and strengthening the overall defense effect (Jajić et al.,
2015; Panda et al., 2024). The coordination between ROS and these defense substances is the key to the success of
the defense system (Czarnocka and Karpiński, 2018 ; Hasanuzzaman et al., 2020 ).

3.2.3 General oxidative stress responses in potatoes to biotic factors
Whether it is pathogens or insects, potatoes usually respond by producing ROS when encountering biotic stress.
These ROS can not only directly participate in defense, but also send out signals to activate more defense
mechanisms (Alscher et al., 1997; Mahalingam and Fedoroff, 2003). The potato response process is a complex
system, including the generation of ROS, signal transduction, and the process of clearing ROS. The antioxidant
system will also be strengthened here to maintain ROS within a reasonable range (Jajić et al., 2015;
Hasanuzzaman et al., 2020). In this way, ROS can play a role without causing too much damage to the plant itself.
This flexible regulatory ability is the key to potato's "resistance" in the face of biological stress (Czarnocka and
Karpiński, 2018; Panda et al., 2024).

4 ROS as Signaling Molecules in Potato Stress Responses
4.1 ROS-triggered activation of stress-responsive genes in potatoes
Reactive oxygen species (ROS) play a critical "signaling" role when potatoes respond to stress. Once a plant is
stressed, ROS are often one of the first molecules produced. They act like switches to turn on the expression of
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some defense-related genes. When certain enzymes called RBOH in potatoes become active, the number of ROS
increases, which then activates antioxidant-related genes such as CPRX1, PRX2, and CAT1. These changes allow
potatoes to better defend against pathogens such as late blight. Studies have shown that after adding a gene called
StRbohA to potatoes, the plants' disease resistance has become stronger (Soliman et al., 2021) (Figure 2). ROS
signals are also related to many gene networks that regulate abiotic stresses such as drought or high salt. There are
some regulatory proteins in these networks, such as WRKY or zinc finger proteins. They act like "coordinators"
that can integrate signals from different parts so that potatoes can respond to stress in a unified manner (Miller et
al., 2008).

Figure 2 Expression of reactive oxygen species (ROS) detoxification genes in infected StRbohA lines and infected wild type (WT)
plants (Adopted from Soliman et al., 2021)
Image caption: Five ROS detoxification genes were tested at 0, 2, 4, and 6 days postinoculation (dpi): A, CPRX1; B, PRX2; C,
APRX; D, CAT1; and E, CAT2. F, Relative expression CPRX1, PRTX2, APRX, CAT1, and CAT2 in noninoculated WT and
StRbohA lines. The fold changes of the quantitative real-time PCR data were calculated via the 2−ΔΔCt method (Livak and
Schmittgen 2001). The noninoculated plants from each line were used as experimental controls for each corresponding inoculated
line. The analysis was performed on data collected from three biological replicates for each line at each time point. The housekeeping
gene elongation factor 1 alpha (EF1α) was used as the internal normalizer. The represented mean values in the graph that were
assigned the same letters are not statistically different at P≤0.05 (Adopted from Soliman et al., 2021)

4.2 Interaction of ROS with potato hormones like ABA, SA, and JA
The interaction between ROS and several other plant hormones is very important in the stress response of potato.
Hormones such as ABA (water stress related), SA (disease prevention related) and JA (insect resistance related) all
interact with ROS. During drought, ABA increases ROS production, causing the stomata of plant cells to close,
thereby reducing water loss. This process involves the production of ROS at different cell locations, helping to
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regulate the response of cells around the stomata while maintaining a balance in ROS levels (Postiglione and
Muday, 2020; Li et al., 2022). SA and JA have opposite effects on ROS. SA enhances the signal of ROS, while JA
inhibits it. They have a bit of "opposite" effects on each other. It is this balance that allows plants to respond
appropriately to different stresses (Lukan and Coll, 2022; Myers et al., 2022).

4.3 Cross-talk between ROS and other signaling pathways in potato stress responses
When facing stress, ROS is not only a signaling molecule, it also interacts with other signaling pathways in the
potato body to jointly regulate the plant's response. It affects a signaling pathway called TOR. TOR was originally
a key system for regulating cell growth and autophagy, but when there is stress, ROS will participate in regulating
this pathway to help potatoes improve their disease resistance, such as fighting late blight (Luo et al., 2021). ROS
also often works in conjunction with calcium signals. These two signaling systems form a network that together
transmit "stress information" in the environment to different parts of the plant. Certain key proteins can connect
ROS and calcium signals, allowing plants to quickly sense stress and respond (Ravi et al., 2023). This
"cooperative combat" approach is an important guarantee for potatoes to adapt to external changes.

5 Antioxidant Defense Mechanisms in Potatoes
5.1 Enzymatic antioxidants in potatoes
Potatoes rely on some enzymes to remove excess reactive oxygen species (ROS) in the body, which can reduce
oxidative damage. These enzymes mainly include superoxide dismutase (SOD), catalase (CAT) and peroxidase
(PRXs). SOD converts superoxide radicals into hydrogen peroxide, and then CAT and PRXs decompose hydrogen
peroxide into water and oxygen to help cells avoid injury (Fan, 2014; Koubaa et al., 2021). The activity of these
enzymes will also change under different stress conditions. For example, under hypoxia or when oxygen is just
restored, the activity of SOD, CAT and APX enzymes in the mitochondria of potato tubers will decrease at first,
and then increase again. This shows that they will adjust according to the amount of ROS (Fan, 2014). In
particular, class III peroxidases are also important in removing ROS. For example, a gene called IbPRX17
functions under the regulation of a transcription factor called IbBBX24. It can enhance the activity of peroxidase
and reduce the accumulation of hydrogen peroxide, thereby improving the tolerance of potatoes to salinity and
drought (Zhang et al., 2021). This also shows that transcriptional regulation is also critical in the potato
antioxidant system.

5.2 Non-enzymatic antioxidants in potatoes
In addition to enzymes, there are some non-enzymatic substances in potatoes that fight ROS, mainly including
ascorbic acid, glutathione and flavonoids, which can directly remove ROS and play a role in supplementing
defense in cells. Among them, ascorbic acid and glutathione are an important part of the ascorbic acid-glutathione
cycle. They help detoxify hydrogen peroxide and maintain the balance of redox in cells. The content of these
substances usually increases when facing environmental stress. Some potato varieties with stronger resistance
have higher levels of these antioxidants in their bodies (Sahoo et al., 2021; Li and Huang, 2024), especially
glutathione, which plays a vital role in potato's response to biological stress such as viruses. Glutathione can
reduce oxidative damage and regulate defense responses. When potatoes interact with viruses, glutathione levels
will increase, and its content will increase more in resistance reactions. This change is also related to the reduction
of viruses and the decrease of ROS (Otulak-Kozieł et al., 2022).

5.3 Dynamic balance between ROS production and scavenging in potatoes under stress
Under stress, the generation and removal of ROS in potatoes must maintain a dynamic balance. ROS is a
byproduct of plant metabolism and a stress signal molecule. If there are too many ROS, it may damage cells.
Therefore, the scavenging system in plants must be strong enough to control the dynamic balance of ROS (Fan,
2014; Sahoo et al., 2021). This balance is mainly achieved by the two sets of enzymatic and non-enzymatic
antioxidant systems. Together, they can reduce the damage caused by ROS to the plant itself. Under the osmotic
stress caused by polyethylene glycol, the ability of potatoes to remove ROS will increase. This includes both the
enhanced activity of scavenging enzymes and the increased content of non-enzymatic antioxidants, which work
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together to maintain the stability of ROS levels (Sahoo et al., 2021). This balance process is also regulated by
some signaling pathways, such as the calcium-dependent protein kinase pathway. These pathways enable plants to
cope with stress more effectively by regulating the generation and removal of ROS (Ma et al., 2021b).

6 ROS and Potato Stress Tolerance Mechanisms
6.1 ROS-mediated systemic acquired resistance (SAR) in potatoes
Reactive oxygen species (ROS) play an important role in systemic acquired resistance (SAR) in potato. They act
like a signal that triggers the plant's defense response. When pathogens (such as Phytophthora infestans) invade
potato, ROS are often one of the first responses. If the potato can express more RBOH-like genes (such as
StRbohA), it can produce more ROS at the site of infection. These ROS activate some defense genes and increase
defense hormones such as salicylic acid, thereby limiting the spread of the pathogen (Soliman et al., 2021). ROS
can also cooperate with other signaling systems. For example, ROS interact with plant hormones (such as salicylic
acid SA and jasmonic acid JA) to further regulate defense responses, allowing the potato immune system to be
activated quickly and accurately without damaging its own tissues (Xia et al., 2015; Czarnocka and Karpiński,
2018).

6.2 ROS involvement in potato drought and salinity tolerance
In drought or high-salt environments, the level of ROS in potatoes will increase. If there are too many ROS and
they cannot be removed, they will damage the cells. However, if properly regulated, ROS can also serve as a
signal to initiate various protective responses. In sweet potatoes, there is a module called
IbBBX24-IbTOE3-IbPRX17, which can help improve the ability to remove ROS, reduce the accumulation of
ROS in the body, protect cells from damage, and improve the resistance of plants to drought and salinity (Zhang et
al., 2021). The ascorbic acid-glutathione cycle is also important in drought and salt stress. In this cycle, enzymes
and non-enzymatic antioxidants work together to help remove excess ROS and maintain balance. Some Chinese
potato varieties (such as Sreedhara and Subala) show stronger ability to remove ROS and are more resistant to
drought and salt stress (Sahoo et al., 2020). These examples show that if you want potatoes to adapt to harsh
environments, you have to control ROS.

6.3 ROS interaction with epigenetic changes during stress adaptation in potatoes
In addition to being a signaling molecule, ROS can also regulate the epigenetic regulation of potatoes. Simply put,
ROS can "indirectly" control which genes should be turned on and which genes should be turned off, which is also
important for the plant's ability to resist stress. ROS can regulate the activity of some regulatory proteins related to
DNA methylation and histone modification. These modifications can change the way genes are expressed, thereby
helping plants better cope with stress (Hu et al., 2024; Li et al., 2024). What's more interesting is that this
regulation caused by ROS is sometimes long-term, that is, the plant will "remember" the stress. When the same
stress comes again, it can react faster and stronger than before. This "memory" ability is particularly useful for
crops such as potatoes that are often affected by environmental changes. (Das and Roychoudhury, 2014; You and
Chan, 2015).

7 Advances in ROS Research for Potato Improvement
7.1 Techniques for detecting and measuring ROS in potatoes
In recent years, scientists have made a lot of progress in the detection of reactive oxygen species (ROS) in
potatoes. Now many technologies can more clearly see the changes in ROS, especially under different stresses. A
common method is to use chloroplast-targeted redox-sensitive green fluorescent protein (roGFP2) for whole-plant
imaging. This technology can record the redox state in potato chloroplasts in real time, allowing researchers to
understand how ROS changes under conditions such as light and drought (Hipschi et al., 2020). Many people also
use quantitative methods to measure ROS, such as measuring the content of hydrogen peroxide (H2O2) or
superoxide anion (O2-). These methods can help analyze how ROS accumulates in key processes such as tuber
formation (Lei et al., 2023). Molecular techniques can also be used to look at the expression of related genes, such
as qPCR or RNA sequencing. Researchers have analyzed the expression of some ROS-related genes in potato,
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such as StCDPKs and StRbohs, to understand their role in ROS generation and stress resistance (Ma et al., 2021b;
Soliman et al., 2021). These technologies have given us a more comprehensive understanding of the dynamic
changes of ROS and its impact on potato stress response.

7.2 Genetic engineering approaches to modify ROS pathways in potatoes
Now, scientists are also using genetic engineering methods to modify the ROS regulatory system in potatoes to
make them more resistant to stress. For example, studies have found that by allowing potatoes to express more of
a gene called StRbohA, ROS production can be increased, further triggering defense responses and making plants
more resistant to late blight (Soliman et al., 2021). Another popular technology is CRISPR-Cas9. Researchers
used it to knock out the gene StSP6A, which is related to H2O2-induced tuber formation. In this way, scientists
can better understand the genetic mechanism of ROS in stress response (Lei et al., 2023). In sweet potato,
researchers have also conducted similar experiments, such as increasing the expression of IbBBX24 and IbPRX17
genes. The results showed that this can increase the activity of peroxidase, reduce the accumulation of hydrogen
peroxide in the body, and make the plant more resistant to drought and salt (Zhang et al., 2021). These methods
also have great potential in potato improvement. The goal is to regulate the level of ROS and improve yield and
stress resistance.

7.3 Insights from potato genomics and transcriptomics in ROS-related stress responses
Using genomic and transcriptomic technologies, scientists can better understand the molecular mechanism of ROS
in potato stress response. Transcriptome analysis shows that ROS regulates many genes related to stress resistance,
including those involved in plant hormone synthesis and signal transduction (Terrón-Camero et al., 2022). The
study also found some key "transcriptional imprints" that are related to peroxisome signaling, indicating that ROS
can regulate the expression of a large number of genes under stress (Terrón-Camero et al., 2022). Scientists also
combined a variety of "omics" technologies to study the relationship between ROS and other signaling systems.
For example, some studies have explored the cross-talk between ROS and TOR signaling pathways. TOR is a
signaling system that regulates cell growth. The results showed that when infected with late blight, if the PiTOR
gene is inactivated, the resistance of potatoes to pathogens will be enhanced (Luo et al., 2021).

8 Challenges and Future Directions in Potato ROS Research
8.1 Challenges in understanding ROS signaling dynamics in potatoes
It is quite difficult to understand the changing patterns of reactive oxygen species (ROS) signals in potatoes. One
of the biggest difficulties is that this signaling system is too complicated. ROS are not just something produced by
the way during cell metabolism, they also act as signaling molecules to regulate many physiological processes,
such as plant growth and development, and responses to drought or disease (Baxter et al., 2014; Myers et al.,
2024). What is more difficult to understand now is: how does ROS affect gene expression step by step? There are
many regulatory factors and signaling pathways involved, and each step is quite detailed (Dvořák et al., 2021;
Mishra et al., 2023). Another difficulty is that the production and removal of ROS must not only be appropriate in
quantity, but also occur at the right time and in the right place. ROS cannot be too much, otherwise it will damage
cells; but too little will not start the reaction. This "just right" balance will be affected by the environment and the
state of the plant itself (You and Chan, 2015; Dvořák et al., 2021). ROS signals do not have a clear transmission
order like some hormone pathways, so it is more difficult to figure out how they coordinate with each other in the
cell (Myers et al., 2024; Zhu and Shen, 2024).

8.2 Potential of ROS-based biomarkers for potato stress tolerance
Now many people have begun to study whether ROS can be used as a "marker" to judge the stress resistance of
potatoes. Simply put, the level of ROS can reflect the stress state of the plant (You and Chan, 2015; Dvořák et al.,
2021). If the expression level of some enzymes that remove ROS is very high, it means that the plant may be more
drought-resistant and salt-resistant. These enzymes may be used as "biomarkers" to help us determine which
varieties are more stress-resistant (Soliman et al., 2021; Zhang et al., 2021). If these ROS-related markers can be
used in breeding, it will be possible to select varieties with strong "natural" ROS regulation ability more quickly.
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Potatoes bred in this way will also be more resilient to extreme weather or soil problems. It will take a lot of
research to find truly reliable ROS markers. We have to understand the performance and specific role of these
markers in various stress responses before we can use them in breeding with confidence.

8.3 Integrating ROS knowledge into potato breeding and field applications
Using ROS research results in actual breeding and field planting is a promising development direction. As long as
we understand how ROS affects stress responses, breeders can select genes that perform better in ROS control,
thereby improving potato resistance (Soliman et al., 2021; Zhang et al., 2021). In addition to selecting seeds in the
laboratory, ROS research can also guide actual planting methods. For example, we can develop some
"biostimulants" that can regulate ROS levels, or through the proper management of fertilizers and water, let the
plants balance ROS better and reduce the losses caused by drought, salt damage, diseases and insect pests (You
and Chan, 2015; Dvořák et al., 2021). It is not easy to move from research to practical application. This requires
the combination of molecular biology, breeding genetics and agricultural management. Only in this way can we
truly develop an effective ROS regulation strategy to improve potatoes and increase yield and adaptability.

9 Conclusion
Reactive oxygen species (ROS) play a key role when potatoes encounter stress. It acts as a signal that allows
plants to initiate defense responses. For example, in the case of drought, salinity or pathogen attack, the level of
ROS in potatoes will increase, which may cause oxidative stress and damage cells. To deal with this problem,
potatoes have their own way. They will activate some antioxidant enzymes, such as superoxide dismutase (SOD),
catalase (CAT) and peroxidase (PRXs). These enzymes can remove excess ROS, help cells avoid damage, and
make plants more resistant to stress.

For potatoes to stay healthy, the production and removal of ROS must be maintained at a balance. The right
amount of ROS is useful, it can help transmit signals and trigger defense responses; but if there are too many ROS,
it will damage cells and cause problems with the physiological functions of plants. In the process of regulating
ROS, two types of molecules, calcium-dependent protein kinases (CDPKs) and Rbohs, interact with each other
and can regulate the production of ROS together. In addition, systems such as the ascorbic acid-glutathione cycle
can also help remove ROS, indicating that both enzymatic and non-enzymatic antioxidant methods are important.
These mechanisms allow potatoes to cope with external stress while continuing to grow and develop normally.

In future studies, scientists can focus on how to further improve the stress resistance of potatoes through breeding
or biotechnology. For example, key genes that can remove ROS can be found and "amplified", which may make
potatoes perform better in the face of drought or disease. Continuing to study the interaction between ROS and
other signaling molecules will also help find new stress resistance strategies. If we can understand how ROS
transmits signals in cell structures such as mitochondria, we may be able to discover more new ways to make
potatoes stronger.
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