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Perennial ryegrass (Lolium perenne L.) is a key forage species in warm temperate 
to subtropical regions worldwide. Climate change poses significant challenges 
to agriculture, particularly through drought and heat stress, which adversely 
affect ryegrass yield and may be further exacerbated by global warming. Despite 
numerous research achievements in recent years, a comprehensive bibliometric 
analysis of the literature on drought and heat stress in perennial ryegrass is lacking. 
This study provides a quantitative analysis of relevant literature published from 
1994 to 2024, utilizing the Web of Science database to evaluate global research 
trends and priorities. The results indicate a consistent annual growth in publication 
output, with China and the United States being major contributors, and the journal 
Crop Science publishing the most papers. Keyword analysis shows that “growth,” 
“endophytic fungi,” and “yield” are most frequently used in drought stress research, 
while “growth,” “gene,” and “leaf” are common in heat stress research. Over the 
past 30 years, research has mainly focused on phenotype, response mechanisms, 
and drought and heat resistance techniques in perennial ryegrass. Endophyte 
have become a hot topic in drought stress research in recent years and have also 
gained attention in heat stress research, suggesting future research directions in 
this area. Furthermore, there is a need to strengthen research on the molecular 
mechanisms associated with drought stress in ryegrass, as well as to explore 
molecular responses to heat stress. The research trend shows increasing attention 
to the interaction between drought and heat stress, indicating it will become an 
important direction for future studies. The findings of this study offer valuable 
insights for guiding future research on perennial ryegrass under drought and heat 
stress conditions and provide useful information for researchers in related fields.
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1 Introduction

Global climate change represents a serious worldwide challenge, with wide-ranging 
impacts, especially in agriculture. This phenomenon has profoundly affected agricultural 
systems by altering temperature patterns and water availability (Gong et al., 2020; Leisner, 
2020). According to climate change projections, greenhouse gas emissions may lead to a global 
average temperature rise of 1.5–2°C, which is expected to cause more frequent and prolonged 
droughts in most crop-growing areas around the world (Naidoo, 2022; Zandalinas et al., 2021). 
In crop production, rising temperatures not only exacerbate drought problems but also 
increase the frequency and intensity of heat waves. These factors collectively pose significant 
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and direct threats to ecosystems and agricultural production (Gornall 
et al., 2010; Mittler, 2006). These impacts not only challenge current 
agricultural production but also present severe tests for future food 
security and agricultural sustainability.

In the coming decades, global agriculture is expected to 
experience more severe impacts of climate change, with increased 
frequency and intensity of heat and drought events. These stresses 
could result in crop yield losses of up to 60%, depending onfactors 
such as the crop type, developmental stage, and the severity, type, and 
duration of the stress (Jedmowski et al., 2015). Drought affects crop 
growth by impacting nutrient and water relationships, photosynthesis, 
and assimilate allocation, ultimately leading to significant decreases in 
crop yield (Farooq et al., 2009; Praba et al., 2009). The severity of 
drought-induced damage is often unpredictable, influenced by factors 
such as rainfall patterns, soil water retention capacity, and water loss 
due to evapotranspiration (Huang et al., 2024). Similarly, heat stress 
induces a series of morphological, biochemical, and physiological 
changes that greatly affect plant growth and development (Anjum 
et al., 2011). Generally, when temperatures exceed the optimal growth 
range of plants by 5–10°C, irreversible cellular oxidative damage 
occurs, especially affecting photosystems I (PSI) and photosystems II 
(PSII) (Pucciariello et al., 2012; Wahid and Close, 2007; Zhao et al., 
2021), leading to delayed growth and wilting (Zhao et al., 2021). Heat 
stress can also disrupt carbohydrate metabolism and negatively affect 
critical reproductive processes, including stamen and pollen 
development, ovule fertilization, fruit set, and seed development, 
ultimately leading to yield losses in various crops (Kotak et al., 2007; 
Liu et al., 2019; Ozga et al., 2017; Schauberger et al., 2017; Wahid 
et al., 2007).

Drought and heat frequently occur simultaneously, and in 
combination with low atmospheric humidity, drought can increase the 
vapor pressure deficit (VPD), accelerating the loss of water from both 
soil and plant tissues. To counteract increased VPD, plants usually 
close their stomata, which is a conservative strategy but often 
insufficient to meet the demands of transpirational cooling, resulting 
in increased tissue and canopy temperatures (Prasad et al., 2008). 
Similarly, water deficits caused by thermal stress require evaporative 
cooling to mitigate temperature effects, but under drought conditions, 
controlling evaporative cooling to prevent water loss makes plants 
more sensitive to heat stress (Craufurd et al., 2013; Steinmeyer et al., 
2013). Due to certain physiological characteristics that adapt to stress, 
such as canopy temperature, plants may adopt similar regulatory 
pathways when facing drought and heat stress (Reynolds et al., 2007).

Perennial ryegrass (Lolium perenne L.) is a high-quality forage and 
turf grass native to Europe, Asia, and North Africa, with a cultivation 
history of over 100 year (Xie et al., 2020). Due to its ease of cultivation 
and low maintenance requirements, perennial ryegrass has been 
widely planted in warm temperate and subtropical regions worldwide 
(Yu et al., 2021). Fresh perennial ryegrass is palatable and rich in 
nutrients, benefiting animal digestion and absorption; its hay is rich 
in crude protein and contains various amino acids, vitamins, and 
other nutrients, aligning with sustainable animal husbandry practices 
(Sun et al., 2020; Zhang et al., 2020). In dairy production, perennial 
ryegrass is superior to many other feeds in terms of corrected milk 
solids and fat per hectare, and it can tolerate grazing with uniform 
distribution across different seasons, playing an important role in 
livestock production (Chapman et al., 2023; Ding et al., 2023; Janke 
et al., 2015). However, due to its wide geographical distribution and 

perennial characteristics, perennial ryegrass is highly susceptible to 
various environmental stresses, including drought and heat. These 
factors are the main limiting factors affecting its growth and 
productivity throughout its lifecycle (Huang et al., 2014; Zhou and 
Abaraha, 2007). During the sowing and seedling stages, autumn 
drought may prevent normal germination and growth; in the mature 
stage, heat and drought stress in summer may hinder its survival 
through the season (Shen et al., 2008; Wang et al., 2016). Drought 
stress leads to decreased forage quality and biomass, causing 
premature leaf yellowing and senescence (Rogers et al., 2019). When 
summer temperatures exceed 38°C, high heat can disrupt the balance 
between development and growth, leading to accelerated metabolic 
and physiological changes (Lei and Huang, 2022; Wang et al., 2016). 
These environmental stresses exceed the optimal growth conditions 
for perennial ryegrass, resulting in decreased forage yield and quality 
(Wang et al., 2016). Therefore, addressing global climate change (such 
as frequent droughts and heats) has become a key challenge in the 
cultivation and management of perennial ryegrass (Armstead et al., 
2006; Mohammadi et  al., 2017; Thomas et  al., 1999). Therefore, 
numerous studies have emerged on drought and heat stress in 
perennial ryegrass, underscoring the importance of synthesizing this 
growing body of research to identify current trends and future 
development directions.

Bibliometrics provides theoretical and methodological tools for 
evaluating the scientific productivity, academic impact, and research 
frontiers of countries, institutions, or disciplines (Ninkov et al., 2022; 
Zhang et al., 2024). It integrates mathematics, statistics, and literature 
studies, focusing on a comprehensive system of quantitative 
knowledge. By reviewing the history of research in a particular field, 
bibliometric analysis offers valuable insights into the evolution of 
research hotspots, the establishment of collaborative networks, and 
the identification of emerging research directions (Zhang et al., 2024). 
Compared with traditional literature reviews and meta-analyses, 
bibliometric analysis can more comprehensively reveal the current 
status, frontiers, and potential future trends of a given research field 
(Zhou et  al., 2024). However, currently, there are no reports on 
bibliometric research concerning drought and heat stress in perennial 
ryegrass. Although there is a substantial body of literature in related 
fields, the quantitative characteristics, development patterns, and 
internal relationships of this research remain unclear. To systematically 
and objectively summarize global research results on drought and heat 
stress in perennial ryegrass, this study employed mainstream 
bibliometric software and methods to review research progress across 
various growth stages of perennial ryegrass between 1994 and 2024. 
This process provides a deep understanding of the history and current 
status of drought and heat resistance research in perennial ryegrass 
and offers guidance for future research directions.

2 Materials and methods

2.1 Database and search strategy

This study conducted a comprehensive search of the Web of 
Science Core Collection (WoSCC) database. For research on drought 
in perennial ryegrass, the following search terms were used: 
(“perennial ryegrass” OR “Lolium perenne L.” OR “Lolium perenne”) 
AND (“drought” OR “drought tolerance” OR “drought stress” etc.). For 
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studies on heat stress in perennial ryegrass, the search terms were: 
(“perennial ryegrass” OR “Lolium perenne L.” OR “Lolium perenne”) 
AND (“heat” OR “heat tolerance” OR “heat stress” etc.). The search 
period spanned from January 1, 1994, to October 16, 2024. There were 
no restrictions on language, document type, or data category during 
the retrieval process. Initial screening of search results based on 
correlation analysis. The titles, keywords, and abstracts of literature 
obtained from the search results were checked to determine their 
relevance to perennial ryegrass. After excluding irrelevant 
publications, the final selection included English articles and reviews. 
The literature selection process and the research framework are 
detailed in Figure 1. A total of 680 publications on drought research 
of perennial ryegrass and 204 publications on heat stress research of 
perennial ryegrass were selected and output in text format for 
further analysis.

2.2 Data analysis

VOSviewer software (version 1.6.15) was used to analyze 
publication types, years, countries, institutions, journal sources, 
co-cited journals, and keywords co-occurrences. Data were 
summarized and analyzed using Microsoft Excel 2016, and relevant 
charts were generated. Clustering analysis was performed with 
VOSviewer to produce social network maps, where node size indicates 
the importance or frequency, and the thickness of connecting lines 
represents the strength of associations. Additionally, the Bibliometrix 
package in R was utilized to analyze author influence and trends in 
key keyword changes. This comprehensive approach provided an 
in-depth understanding of the research progress in the field of drought 
and heat stress in perennial ryegrass, including various bibliometric 
indicators such as the number of publications and citation counts.

FIGURE 1

Flowchart illustrating the search strategy and publication filtering steps.
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3 Results

3.1 Publication trends

Core indicators for evaluating academic publications include the 
number of publications and their citation frequency. Figure 2 shows 
an increasing trend in the number of publications on drought and heat 
stress in perennial ryegrass worldwide from 1994 to 2024. Over the 
past 30 years, the average number of citations per article has steadily 
increased and then stabilized. This trend may be partly due to newly 
published articles gradually replacing earlier works, as current 
research often takes longer to accumulate higher citation counts.

The number of articles in drought research is significantly higher 
than in heat stress research, indicating that the academic community 
places greater emphasis on drought studies. The overall number of 
articles is rising, reflecting increasing academic interest in drought 
and heat stress in perennial ryegrass. This trend may signify that, as 
climate change and environmental challenges become more 
prominent, related research fields are receiving more attention and 
resource investment.

3.2 Active countries and institutions

3.2.1 Analysis of influential countries/regions and 
global cooperation

Figure 3A presents the differences and collaborative trends among 
countries involved in drought research on perennial ryegrass. Based 
on data from Supplementary Table S1, the graph shows 33 countries 
with over five published articles and their collaborative relationships. 
The United States ranks first globally with 182 published articles, the 
largest number of nodes, the widest range of domain relationships (the 
highest TLS), and the highest citation count of 7,658. China follows 

closely with 127 articles and 2,354 citations. New Zealand ranks third 
with 80 papers and 1,938 citations.

Figure  3B presents the distribution and cooperation among 
countries in heat stress research on perennial ryegrass. Using data 
from Supplementary Table S2, the graph shows 30 countries with over 
two published articles and their collaborative relationships. The 
United  States leads with 67 published articles, the widest domain 
relationships (the highest TLS), and 1,973 citations. China, as the 
second-largest node, has 58 articles and 1,606 citations. New Zealand 
ranks third with 22 articles.

These findings indicate that both China and the United States have 
made significant quantitative contributions to drought and heat stress 
research on perennial ryegrass. However, in drought research, the 
citation rate of Chinese articles is significantly lower than that of the 
United  States, possibly due to a number of lower-value scientific 
articles. Therefore, promoting innovative exploration and reducing 
repetitive research is particularly important.

3.2.2 Quantitative analysis of productive and 
influential institutions

Figure  4A, along with Supplementary Table S3, shows the 
literature coupling relationships among institutions in drought 
research. Research institutions in New  Zealand, France, the 
United States, and China form the core of scientific output. Massey 
University leads with 31 articles and occupies a central position in the 
network (the highest TLS). Following is the French National Institute 
for Agricultural Research (INRA) with 21 articles and Rutgers 
University with 19 articles. Notably, Aarhus University, Sichuan 
Agricultural University, Lanzhou University, and the University of 
Florida, although not in global research hubs, have significant 
scientific output and collaborations with numerous institutions. 
However, the depth and closeness of these collaborations need 
further strengthening.

FIGURE 2

Annual trends in publications and citations related to drought and heat stress in perennial ryegrass (1994–2024). DT: drought stress; HT: heat stress; 
Mean TC per Art: average total citations per article.
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Figure 4B, using data from Supplementary Table S4, presents the 
inter-institutional literature coupling analysis in heat stress research. 
Institutions in China, the United States, and Australia are the main 
contributors. Rutgers University ranks first with 15 articles and serves 
as a central node (the highest TLS). The Chinese Academy of Sciences 
and Nanjing Agricultural University each have 13 articles, playing key 

roles in China’s academic network. The University of Melbourne, 
Teagasc, and AgResearch Limited have also contributed significantly 
but need to enhance cooperation intensity with other institutions.

The analysis presented in Figures 3, 4 underscores the dominant 
roles of China and the United States in research on drought and heat 
stress in perennial ryegrass. Future research efforts should focus on 

FIGURE 3

Knowledge maps of research on perennial ryegrass in countries: (A) drought stress; (B) heat stress.
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FIGURE 4

Institutional collaboration networks in perennial ryegrass research: (A) drought stress; (B) heat stress.
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expanding cross-regional and interdisciplinary collaborations to 
enhance scientific impact.

3.3 Journal contribution and co-citation 
analysis

Figure  5A and Supplementary Table S5 present a co-citation 
analysis of 262 journals in drought research. Crop Science is the largest 
node with 1,516 citations, followed closely by New Phytologist with 
1,101 citations and Plant Physiology with 960 citations. The map 
displays four clusters (red, green, blue, yellow), corresponding to 
environmental change and agriculture, plant physiology and genetics, 
microbial-plant interactions, and plant breeding and biotechnology. 
This demonstrates that drought resistance research covers forage 
production, breeding and genetics, physiological metabolism, 
molecular genetics, and biotechnology.

In heat stress research, Figure 5B and Supplementary Table S6 
show that Crop Science is the most influential journal with 438 
citations, followed by Plant Physiology with 537 citations and the 
Journal of Experimental Botany with 259 citations. The map divides 
into five clusters (red, green, blue, yellow, purple), representing plant 
growth and physiological changes, grass development and utilization, 
environmental changes and agricultural research, plant physiology 
and biochemistry, and cell tissue structure. These research results 
indicate that the study of drought and heat stress on perennial ryegrass 
covers a wide range of fields, and Crop Science plays a crucial role in 
this research area.

3.4 Most influential papers

In drought research, Supplementary Table S7 lists the top 30 most 
cited papers published in 24 journals. Clay and Schardl (2002) article, 
cited 887 times in the Web of Science database, is particularly 
noteworthy. It reveals the role of endophytic fungi in perennial 
ryegrass, emphasizing how their infection can improve drought 
tolerance, photosynthetic rate, and growth. Reviewing these articles 
shows that the first two mainly explored the effects of drought stress 
on growth and yield. Articles ranked 3–13 focused on physiological 
and biochemical responses, such as photosynthesis and hormone 
mechanisms. Articles ranked 14–18 delved into molecular 
mechanisms. Researchers also examined management strategies 
under drought stress, such as mixed planting (Article 19) and 
fertilization (Article 20). In the context of climate change, the 
symbiotic relationship between endophytic fungi and perennial 
ryegrass, especially their role in promoting plant growth and 
enhancing drought resistance, has become a research focus in 
academia (Articles 21–29). The last paper discussed drought resistance 
differences among varieties. These studies highlight critical research 
directions, involving yield, physiological and biochemical reactions, 
molecular regulation mechanisms, and breeding and cultivation 
techniques for drought resistance.

In heat stress research, the top  30 most cited articles were 
published in 18 journals (Supplementary Table S8). Xu et al. (2006), 
whose paper ranked first with 367 citations, examining physiological 
and biochemical responses under heat stress. Zhang et al. (2017), cited 
202 times, explored melatonin’s biological functions under heat stress 

and its interaction with plant hormones. Kauffman et  al. (2007) 
investigated plant hormones’ effects on photosynthetic capacity, 
membrane thermal stability, and heat tolerance. Summarizing these 
papers reveals that three focused on growth and yield effects under 
heat stress. Eight highly cited articles studied physiological and 
biochemical reactions, like osmotic regulation and oxidative stress 
responses. Sixteen highly cited papers analyzed molecular regulatory 
mechanisms. Researchers also emphasized agronomic management 
techniques, such as fertilization. These studies not only reveal the 
effects of heat stress on plant physiology and molecular levels, but also 
emphasize the importance of improving crop heat tolerance through 
agronomic management techniques, providing a scientific basis for 
addressing climate change.

3.5 Analysis of research hotspots and 
evolutionary trends

3.5.1 Most common and trending keywords in 
drought resistance research

Figure 6A displays the 20 most frequent keywords. The keyword 
“drought stress” has the highest frequency at 627 times, followed by 
“perennial ryegrass” (338 times), “growth” (183 times), “fungal 
endophyte” (147 times), “yield” (118 times), “CO2” (68 times), “root” 
(45 times), “leaf ” (43 times), and “photosynthesis” (37 times). This 
indicates the significance of studying drought stress effects on growth 
and yield, and the interaction mechanisms between endophytic fungi 
and perennial ryegrass.

The co-occurrence network (Figure 6B) identifies 198 keywords 
that appeared at least three times, grouped into four clusters: (1) Red 
cluster focuses on growth and physiological responses, including 
keywords such as “yield,” “endophytes,” “photosynthesis,” “drought 
survival strategies,” “physiological responses.” (2) Green cluster centers 
on plant hormones and molecular research, featuring keywords like 
“abscisic acid,” “hormone metabolism,” “antioxidant enzymes,” 
“Arabidopsis,” “gene expression,” “molecular identification.” (3) Blue 
cluster emphasizes breeding-related topics, including “interspecific 
hybridization,” “breeding,” and “genotype.” (4) Yellow cluster 
concentrates endophytes and stress responses, such as “fungal 
endophytes,” “seed germination,” and “environmental pressure.” This 
network analysis offers a comprehensive understanding of key themes. 
Based on Supplementary Table S7, current drought resistance research 
focuses on phenotype, response mechanisms, and tolerance 
enhancement strategies.

3.5.2 Most common and trending keywords in 
heat resistance research

Figure  7A shows the 20 most frequent terms in heat stress 
research. “Heat stress” has the highest frequency at 141 times, followed 
by “perennial ryegrass” (69 times), “growth” (31 times), “gene” (20 
times), “leaf ” (20 times), “yield” (18 times), “Arabidopsis” (18 times), 
and “water-use” (16 times). This underscores the importance of 
studying heat stress effects on growth and molecular mechanisms.

The co-occurrence network (Figure 7B) identifies 84 keywords 
that appeared at least twice, grouped into five clusters: (1) Red cluster 
focuses on physiology, biochemistry, molecular mechanisms, and 
breeding, including keywords like “abscisic acid,” “Arabidopsis,” 
“genes,” “heat shock proteins,” and “antioxidant enzymes.” (2) Green 
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FIGURE 5

Co-citation knowledge maps of journals publishing research on perennial ryegrass: (A) drought stress; (B) heat stress.
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cluster centers on plant growth under climate change, featuring 
keywords like “climate change,” “CO2,” “perennial ryegrass,” “cell 
membrane stability,” and “germination.” (3) Blue cluster highlights 
endophytic fungi and organic compounds, such as “endophytic fungi,” 
“alkaloids,” “ergot alkaloids,” and “chemical composition.” (4) Yellow 
cluster focuses on plant organic components, including “carbohydrate 
reserves,” “nutritional value,” and “plant components.” (5) Purple 
cluster features keywords related to “Temperature and humidity 
index.” Based on Supplementary Table S8, heat stress research 

emphasizes phenotype, response mechanisms, and tolerance 
enhancement strategies.

3.5.3 Evolution of research themes
Figure 8A shows the analysis for drought stress from 1994 to 2024, 

divided into three periods: 1994–2004, 2005–2014, and 2015–2024. In 
the initial stage (1994–2004), six key themes were identified, with 
“gene expression” being the most relevant and persistent across all 
periods. In the second period (2005–2014), themes like “drought 

FIGURE 6

Keywords in drought research on perennial ryegrass: (A) most common keywords; (B) co-occurrence network.
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stress,” “yield,” “abscisic acid,” “oxidative stress,” “protein,” and 
“molecular characterization” emerged. “Drought stress” and “yield” 
showed high correlation, indicating a strong link between drought 
stress research and yield changes. In the third period (2015–2024), an 
increase in keyword variety indicates broader research fields. Notable 
keywords include “fungal endophyte,” “germination,” and “gene 
expression.” The shift from phenotypic studies to physiological, 

biochemical, and drought resistance improvement highlights gene 
expression as a consistent focus. The emergence of “fungal endophyte” 
suggests a future research direction. Current frontiers in drought 
resistance research include gene expression and endophytic fungi.

Similarly, Figure 8B presents heat stress research evolution. In the 
initial stage, key themes were “yield,” “perennial ryegrass,” and “CO₂.” 
In the second period, themes like “heat stress,” “oxidative stress,” 

FIGURE 7

Keyword analysis in heat stress research on perennial ryegrass: (A) most common keywords; (B) co-occurrence network.
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“gene,” and “phenolic acids” emerged, with “heat stress” highly 
correlated with these words. In the third period, new themes like 
“fungal endophyte,” “Arabidopsis,” and “climate change” appeared, 
indicating that “fungal endophyte” may become a future focus.

4 Discussion

The challenges posed by global climate change continue to 
escalate, particularly the sustained rise in environmental 
temperatures, which poses a serious threat to food security and 
crop production (Basavaraj and Rane, 2020; Shah et  al., 2017). 
Extreme weather events such as droughts and heat waves are 
expected to become more frequent and intense, serving as major 

factors limiting the growth, geographical distribution, and yield of 
perennial ryegrass (Pan et al., 2018; Wang et al., 2017; Yu et al., 
2013). Therefore, understanding the effects of drought and heat 
stress on perennial ryegrass, current research progress, and future 
research directions is crucial for improving its cultivation 
management and yield (Liu and Jiang, 2010; Yu et al., 2015). In this 
study, we employed bibliometric methods to analyze all English 
academic publications, including articles and reviews, on drought 
and heat stress in perennial ryegrass over the past 30 years. The 
bibliometric analysis shows that research in this field mainly focuses 
on three aspects: the effects of drought and heat stress on phenotypic 
changes in perennial ryegrass growth, potential response 
mechanisms, and studies on drought and heat 
resistance technologies.

FIGURE 8

Evolution of research themes in perennial ryegrass: (A) drought stress; (B) heat stress.
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4.1 Phenotypic changes

4.1.1 Effects of drought and heat stress on seed 
germination

The development of seeds and the growth of seedlings depend on 
suitable soil conditions, which vary depending on the plant type and 
include factors such as humidity and temperature levels (Reed et al., 
2022). Drought and rising soil temperatures often have negative effects 
on the germination of crop seeds, involving complex physiological 
metabolic activities such as enzyme activity and cell division within 
the seeds (Huchzermeyer et al., 2022; Wafa’a, 2010). For perennial 
ryegrass, sufficient water is crucial for seed germination; water not 
only promotes enzyme absorption and activation but, when lacking, 
leads to delayed germination, thereby affecting the success rate of the 
entire germination process (Xiong et al., 2024). Additionally, different 
varieties of perennial ryegrass exhibit significant differences in 
drought resistance. For example, a study comparing the germination 
of four varieties under drought conditions showed that the “Solstice 
II” variety exhibited superior germination and seedling growth 
abilities under drought stress (Yilmaz and Kisakurek, 2021). Heat 
stress can also reduce enzyme activity and interfere with metabolic 
processes related to seed germination (Iqbal et al., 2024). High soil 
temperatures intensify transpiration, reduce the effectiveness of seed 
moisture, and thus delay the germination process (Zou et al., 2023). 
The ideal growth temperature range for perennial ryegrass is 15–24°C; 
beyond this range, an increase in temperature creates heat stress, 
limiting its application in temperate regions. Under heat stress 
conditions, seedling characteristics of perennial ryegrass—such as 
relative germination rate, germination index, vitality index, and root 
and seedling length—generally show a downward trend. When the 
temperature rises to 35°C, the germination rate sharply decreases, and 
the inhibitory effect of heat stress on root and stem growth becomes 
increasingly evident (Javaid et al., 2022). Moreover, the combined 
effect of drought and heat stress severely inhibits the normal 
physiological functions of perennial ryegrass seedlings, leading to 
wilting (Rahman et al., 2022).

4.1.2 Effects of drought and heat stress on yield 
and phenotype

Drought and heat stress adversely affect the growth and 
developmental stages of perennial ryegrass, leading to significant 
decreases in yield. Under such environmental pressures, perennial 
ryegrass exhibits notable phenotypic adaptive changes to address these 
challenges. Under drought stress, the lack of soil moisture directly 
affects plant growth and development. When perennial ryegrass 
experiences drought stress, its root water absorption capacity is 
hindered, disrupting the balance between root water uptake and 
canopy transpiration. As drought stress intensifies, parameters such 
as leaf relative water content, dark respiration rate, wilting coefficient, 
tiller number, and biomass of both aboveground and root systems 
show decreasing trends (Patel et al., 2015). Studies have shown that 
under severe water scarcity, drought stress can reduce the yield of 
fresh grass and hay by 45 and 28%, respectively (Shariatipour et al., 
2022), decrease the annual harvest frequency from four to three, and 
reduce ryegrass biomass by up to 79% (Kemesyte et al., 2017). Water 
shortages in arid environments significantly alter plant morphology, 
revealing their drought resistance potential and water-use efficiency 
to some extent (Su et al., 2007). Faced with drought stress, plants 

typically reduce excessive water consumption by decreasing 
aboveground biomass while correspondingly increasing underground 
biomass. This strategic redistribution of biomass helps roots absorb 
water more effectively, thereby enhancing plant adaptability to 
drought stress (Huang et al., 2014; Yang et al., 2014). The root system, 
as a key organ for water and nutrient uptake and soil resource 
utilization, plays a crucial role in growth and biomass accumulation 
and is the first part to perceive and respond to water deficits (Wasaya 
et al., 2018). Under drought conditions, perennial ryegrass resists 
stress by forming smaller and thicker leaves and expanding the total 
surface area of its roots to absorb more water. Even in extreme drought 
conditions, increases in root length and area reveal special adaptive 
strategies adopted by plants in arid environments, even though root 
deformities and reduced numbers may occur (Jones et al., 1980).

Under heat stress conditions, when perennial ryegrass plants are 
subjected to high temperatures above 35°C, this extreme temperature 
can directly lead to plant death; leaf color changes from emerald green 
to withered yellow, ultimately turning brown (Chen et  al., 2023; 
Rahman et  al., 2022). Heat stress can significantly deteriorate the 
growth status of ryegrass plants, initially manifested as damage at the 
junction of the penultimate and antepenultimate leaf sheaths. 
Simultaneously, some leaves begin to wilt, and their color gradually 
turns yellow from the base to the tip, followed by damage symptoms 
on lodging and aging leaves. If stress persist, these injuries become 
irreversible, ultimately leading to decreased forage coverage 
(Kauffman et al., 2007; Lei et al., 2022; Yang et al., 2014). During the 
maturation stage, heat stress can significantly reduce the effective 
number of spikes per unit area. It hinders the vegetative growth of 
ryegrass and inhibits material transport, leading to significant 
decreases in pollen grain weight and protein content, seriously 
affecting reproductive growth. This results in reduced grain numbers 
per ear, affecting grain plumpness and thousand-grain weight, and 
ultimately decreasing yield (Jung et  al., 2021). To adapt to high-
temperature environments, plants cope with heat stress through a 
series of complex morphological adjustments. Under heat stress, 
plants may exhibit specific thermomorphogenic traits such as 
elongation of hypocotyls and petioles, growth of hypocotyl leaves, and 
early flowering, which contribute to enhancing photosynthesis and 
reproductive capacity under heat stress (Kan et al., 2023). Heat stress 
also leads to an increase in specific leaf area, while leaf thickness, cell 
layers, and chlorophyll content decrease accordingly. Heat stress 
intensify transpiration in leaves, increasing the risk of water loss. 
Therefore, plants may develop smaller and denser stomata to reduce 
water loss caused by transpiration (Higuchi et al., 1999). Perennial 
ryegrass enhances its heat tolerance through adaptive changes such as 
reducing plant height, narrowing leaf width, shortening leaf length, 
and reducing leaf area (Yang et al., 2024).

4.2 Response mechanism

4.2.1 Physiological mechanisms of perennial 
ryegrass in response to drought and heat stress

4.2.1.1 Photosynthesis
In arid environments, the diffusion of carbon dioxide through 

stomata and mesophyll tissues is limited, leading to a decrease in CO2 
concentration within photosynthetic cells and subsequently reducing 
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carbon fixation (Chaves et  al., 2009). Under high-temperature 
conditions, both carbon fixation and photoreactions are adversely 
affected. The carbon-fixing enzyme ribulose-1,5-bisphosphate 
carboxylase/oxygenase (Rubisco) has a dual function, but its specificity 
for CO2 decreases with increasing temperature. This change enhances 
photorespiration, which not only consumes energy but also releases 
CO2, thereby reducing the efficiency of net photosynthesis (Moore 
et al., 2021). The chlorophyll content in leaves is directly related to 
photosynthetic potential and reflects the plant’s adaptability to 
drought stress. Drought stress leads to gradual loss of leaf water and 
stomatal closure, weakening the plant’s ability to absorb CO2. This 
results in the deactivation of the PSII reaction center, affecting the 
transfer of photosynthetic electrons and energy conversion, ultimately 
reducing overall photosynthetic efficiency (Gunasekera and 
Berkowitz, 1993; Medrano et al., 2010). Drought stress also increases 
the non-photochemical quenching of chlorophyll fluorescence (NPQ) 
by 15 to 47%, which helps protect PSII reaction centers from damage 
caused by excess energy (Koscielniak et al., 2006). Research has shown 
that under drought stress, the ratio of chlorophyll a to chlorophyll b 
increases, which helps ensure the electron supply to PSII and aligns 
with the excitation rate of PSI (Ashraf et al., 2011).

Under heat stress, the chlorophyll content of ryegrass decreases, 
relative conductivity increases, electrolyte leakage rate rises, and 
stomatal conductance, instantaneous water-use efficiency, and light 
energy-use efficiency decrease (Zhang et al., 2020). The ultrastructure 
of leaf cells undergoes significant changes, including chloroplast 
expansion, structural damage, morphological alterations, and an 
increase in the number of mitochondria and lipid bodies to adapt to 
high-temperature environments (Xu et  al., 2006). Additionally, 
perennial ryegrass slows down chlorophyll degradation by inhibiting 
genes involved in chlorophyll catabolism, such as chlorophyll-a 
oxygenase, thereby delaying heat-induced leaf senescence (Jespersen 
et al., 2016; Zhang et al., 2019; Zhang et al., 2016). Studies have shown 
that inhibiting genes involved in chlorophyll degradation, such as 
pheophorbide a oxygenas, can effectively slow down the aging process 
of perennial ryegrass leaves under heat stress (Zhang et al., 2019). 
Chlorophyll a is crucial for enhancing heat tolerance, and reducing the 
expression of the chlorophyll catabolism gene LpNOL or applying 
chlorophyll derivatives can inhibit heat-induced leaf senescence (Yu 
et al., 2022; Zhang et al., 2019). Chlorophyll fluorescence, as a sensitive 
physiological indicator, can accurately reflect the maximum quantum 
efficiency (Fv/Fm) of PSII. Maintaining high chlorophyll content and 
fluorescence levels can help improve photosynthetic efficiency and 
enhance plant heat tolerance (Pan et  al., 2018; Zhu et  al., 2022). 
Moreover, the combined effects of drought and heat stress on 
photosynthesis are believed to be synergistic, as stomatal closure not 
only limits carbon fixation but may also lead to excess energy, 
exacerbating photodamage in the photosystems (Sato et al., 2024).

4.2.1.2 Generation and protective responses to reactive 
oxygen species

Under drought and heat stress, oxidative stress indicators—such 
as reactive oxygen species (ROS), hydrogen peroxide, and lipid 
peroxidation—in perennial ryegrass significantly increase, especially 
under combined stress conditions (Rahman et  al., 2022). In 
chloroplasts, the reaction centers of PSI and PSII are the main sites for 
ROS generation; when excess light energy is present, they generate 
superoxide (Edreva, 2005). Mitochondria are another source of ROS 

production, where O2
− is produced through electron leakage from 

complexes I and III under abiotic stress conditions (Choudhury et al., 
2017). Due to the similar processes inducing ROS production under 
drought and heat stress, their combination synergistically increases 
ROS levels (Li et  al., 2014). To prevent oxidative damage, plants 
activate ROS-scavenging mechanisms, including enzymes such as 
superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase, 
and glutathione peroxidase, as well as antioxidants like ascorbic acid 
and glutathione (Kuzniak, 2002). Drought and heat stress typically 
trigger these defense processes, but different stress conditions lead to 
variations in ROS levels and the induction of ROS detoxification 
genes, indicating specific ROS responses under specific stress 
combinations (Choudhury et al., 2017; Zandalinas et al., 2018). Under 
drought conditions, perennial ryegrass adapts by increasing the 
activity of SOD and CAT (Fu and Huang, 2001). Zhang et al. (2015) 
found that under drought treatment, resistant varieties had lower 
malondialdehyde (MDA) content and less cell membrane damage. To 
resist oxidative stress under heat stress, plants activate their 
antioxidant defense systems (Hamilton et al., 2012), where SOD and 
CAT prevent MDA accumulation, balance free radical production and 
scavenging, and enhance plant heat tolerance (Huang et al., 2014; Xu 
et al., 2011). Under adverse stresses like drought and heat, the activities 
of peroxidase (POD), SOD, and CAT in ryegrass leaves are enhanced, 
promoting ROS metabolism balance in cells and improving cell 
membrane stability, thereby alleviating stress-induced damage (Wang 
et al., 2022; Wang et al., 2019).

4.2.1.3 Role of osmoregulation
Under drought and heat stress, plant cells maintain osmotic 

balance by regulating substances such as proline, soluble sugars, and 
proteins. Studies have found that MDA content in different forage is 
positively correlated with stress degree, reflecting cell membrane 
damage; increased proline content enhances the drought tolerance of 
ryegrass (Chen and Murata, 2011; Jafari et al., 2019). As an osmotic 
regulator, soluble sugars increase under drought stress, helping plants 
adapt to arid environments. Under extreme drought conditions, 
increasing the content of hexose and sucrose in leaf sheaths reduces 
osmotic potential and enhances drought resistance in perennial 
ryegrass (Karsten and Macadam, 2001) Perennial ryegrass resists heat 
stress by maintaining high levels of proline and soluble sugar content 
(Sun et al., 2020). By maintaining appropriate levels of carbohydrates, 
including soluble sugars and fructooligosaccharides, plants protect 
their photosynthetic apparatus from thermal damage, maintain 
osmotic balance and membrane stability, and slow down leaf 
senescence (Wang and Xiong, 2016).

4.2.1.4 Regulatory effects of plant hormones
Recent studies have shown that endogenous and exogenous plant 

hormones play important roles in mitigating damage caused by 
drought and heat stress. Hormones such as abscisic acid (ABA), 
cytokinins (CK), and melatonin (MT) are key in the drought and heat 
resistance mechanisms of perennial ryegrass. ABA, as a key hormone 
induced by drought, regulates numerous drought-responsive genes 
and occupies a central position in abiotic stress signaling (Choi et al., 
2000). MT pretreatment significantly slowed the decline in forage 
quality, photochemical efficiency, and relative water content of 
perennial ryegrass under drought stress, as well as the increase in 
relative conductivity and MDA content. MT maintains cell membrane 
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stability by enhancing the activity of SOD, CAT, and peroxidase (Li 
and Du, 2019).

Under heat stress, ABA content increases, inducing the expression 
of resistance genes, reducing ROS damage to cell membranes, 
protecting plants from photoinhibition, and enhancing high-
temperature tolerance (Abro et al., 2023). Cytokinins enhance the 
activity of membrane-protective enzymes like SOD, eliminate free 
radicals, reduce lipid peroxidation, maintain membrane fatty acid 
ratios, and protect cell membrane integrity (Wang, 2000). Maintaining 
stable levels of indole-3-acetic acid (IAA) and salicylic acid (SA), as 
well as delaying the increase of ABA and the decrease of gibberellin 
(GA3), can help improve plant heat tolerance (Li et  al., 2020). 
Cytokinin and ethylene inhibitors alleviate premature leaf senescence 
under heat stress by upregulating the expression of LpWRKY69 and 
LpWRKY70 (Chen and Huang, 2022). In perennial ryegrass treated 
with MT, the expression of ABA synthesis pathway genes is inhibited, 
while the expression of CK synthesis and signaling pathway genes is 
upregulated, inhibiting heat-induced leaf senescence (Zhang et al., 
2017). Exogenous MT application alleviates growth inhibition and leaf 
senescence caused by heat stress, manifested by increased tiller 
number, plant height, leaf chlorophyll content, and decreased 
transcription levels of senescence-related genes LpSAG12.1 and Lph3 
(Zhang et al., 2017).

4.2.2 Molecular mechanisms of perennial 
ryegrass response to drought and heat stress

4.2.2.1 Drought-induced responses: gene expression and 
signal transduction

When plants face drought stress, they activate a series of complex 
molecular coping strategies involving numerous genes and signaling 
pathways. Sensors such as G protein-coupled receptors (GPCRs) and 
receptor-like kinases (RLKs) on the cell membrane detect external 
drought signals and trigger the expression of drought-responsive 
genes through signal transduction networks. In this chain reaction, 
secondary messengers like Ca2+, ROS, ABA, and transcription 
regulators play crucial roles (Mahmood et al., 2020). For example, 
GmCIPK2 enhances plant drought resistance by increasing ABA 
content and expression of drought-related genes, playing a role in 
ABA-mediated stomatal closure (Xu et  al., 2021). The MAP3K18 
kinase activated by ABA can directly interact with SnRK2.6 kinase and 
PP2C phosphatase ABI1, participating in the regulation of stomatal 
opening and closing in Arabidopsis and improving plant drought 
resistance (Tajdel et al., 2016). OsCIPK23 RNAi transgenic plants show 
high sensitivity to drought (Li et al., 2014); MAPKs activate SnRK2s 
through phosphorylation, regulating the expression of drought stress 
response genes (Mahmood et al., 2020). In combating drought stress, 
perennial ryegrass adopts complex regulatory strategies, including 
significantly enhanced expression of transcription factors, kinases, 
and E3 ubiquitin ligases, promoting ABA and stress signal 
transduction (Wang et al., 2023). Amiard et al. (2003) found that 
inositol-1-phosphate synthase (INPS) and galactinol synthase (GOLS) 
play key roles in regulating the content of raffinose and stachyose 
under drought stress. Foito et al. (2009) identified functional genes 
regulated under drought stress through metabolomics and 
transcriptomics analysis. The cytochrome P450 gene LpCYP72A15, as 
a potential gene for osmotic stress tolerance, demonstrates excellent 
antioxidant and osmoregulatory abilities, effectively enhancing 

drought tolerance in ryegrass (Xing et al., 2024). In arid environments, 
adaptive variations of genotypes such as “Accelerate,” “Icon,” and 
“Haymaker” form an important foundation for ryegrass drought 
tolerance (Majeed et  al., 2023). Genome-wide association studies 
(GWAS) have shown that under drought stress, late embryogenesis 
abundant protein 3 (LpLEA3) and superoxide dismutase (LpFeSOD) 
play crucial roles in maintaining leaf water balance (Yu et al., 2013).

Determining the role of drought-responsive genes in perennial 
ryegrass adaptation through genetic transformation is significant for 
elucidating its drought resistance mechanisms. Transcription factors 
are regulatory proteins that respond to drought stress by modulating 
gene expression at the transcriptional level. Plants activate or inhibit 
specific transcription factors through MAPK and CDPK cascade 
signal transduction pathways, affecting cis-regulatory elements of 
stress-related genes to enhance or inhibit their transcription. These 
transcription factors include MYB, NAC, WRKY, and ERF/DREB, 
playing important roles in plant responses to drought stress (Baillo 
et al., 2019). Genes responsible for transcriptional regulation, ROS 
scavenging, and osmoregulation of soluble sugars and proline in 
perennial ryegrass seedlings (such as DREB, NAC, MYB) are crucial 
under drought stress (Demirkol et al., 2023; Liu and Jiang, 2010). In 
Arabidopsis, overexpression of the bZIP transcription factor AREB1 
increases sensitivity to ABA and enhances drought tolerance (Fujita 
et al., 2005). Previous studies have shown that transgenic perennial 
ryegrass overexpressing LpHIB1 exhibits better drought tolerance, 
including higher relative water content, leaf water potential, 
chlorophyll content, and photosynthetic rate, indicating that HUB1 
may play an important role in abiotic stress tolerance (Patel et al., 
2015). Recent research shows that expressing the rice miR408 gene in 
perennial ryegrass through genetic modification can enhance drought 
tolerance, possibly related to leaf morphology adjustment and 
improved antioxidant capacity (Hang et  al., 2021). Additionally, 
LpP5CS (pyrroline-5-carboxylate synthase) plays a crucial role in 
various stress responses and is a potential candidate gene for stress-
related molecular breeding in perennial ryegrass. Overexpression of 
LpP5CS in tobacco plants, especially the mutant form LpP5CS^F128A 
not inhibited by proline feedback, enhances tolerance to drought 
stress (Cao et  al., 2015). Using a yeast ectopic expression system, 
LpSAPK9 was identified as a candidate positive regulatory factor for 
drought tolerance. LpSAPK9 showed distinct expression changes in 
drought-tolerant ryegrass varieties, indicating that its expression level 
is related to drought tolerance. These results contribute to further 
analysis of LpSAPKs for molecular breeding of ryegrass and related 
grass species (Xing et al., 2022).

4.2.2.2 Heat-induced responses: gene expression and 
signal transduction

Identifying key regulatory genes affecting heat tolerance and 
exploring their mechanisms of adaptation provides references for 
improving heat tolerance in perennial ryegrass. The process of plant 
response to heat stress is complex, involving interactions among 
numerous transcription factors and signaling molecules, forming a 
regulatory network (Zhang et al., 2020). The homeodomain leucine 
zipper (HD-Zip) transcription factor family plays an important role 
in regulating plant development and responding to abiotic stresses, 
including heat stress. RT-PCR results showed that the expression 
levels of LpHOX6, LpHOX8, and LpHOX24 (HD-Zip I transcription 
factors) in perennial ryegrass were negatively correlated with heat 
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tolerance, while LpHOX21 expression was positively correlated (Wang 
et  al., 2019). Dai et  al. (2017) found through sequencing and 
methylation analysis using sodium bisulfite that the P450 gene 
LpCYP72A161 in perennial ryegrass is epigenetically regulated under 
heat stress. Zhang et al. (2020) conducted heat tolerance identification 
and molecular marker experiments on 98 varieties and found that four 
chlorophyll catabolism genes (LpNYC1, LpNOL, LpSGR, and LpPPH) 
were closely related to heat tolerance. Additionally, heterologous 
expression of perennial ryegrass LpHSFC1b in Arabidopsis can 
significantly improve heat resistance in transgenic Arabidopsis (Sun 
et  al., 2020). This study provides new insights into the epigenetic 
regulation of perennial ryegrass genes under heat stress.

In addition to transcriptional regulation, post-transcriptional and 
post-translational regulations play important roles in plant responses 
to heat stress. MicroRNAs (miRNAs) participate in heat stress 
responses by regulating transcription factor activity. Under high-
temperature conditions, miRNA398 in Arabidopsis promotes the 
accumulation of heat shock transcription factors (HSFs) by inhibiting 
three ROS-scavenging enzymes, thereby enhancing heat tolerance 
(Guan et al., 2013). Overexpression of miRNA160 in Arabidopsis can 
inhibit ARF10, ARF16, and ARF17, activate a series of downstream 
heat shock protein (HSP) genes, and enhance heat tolerance (Lin et al., 
2018). The expression of HSFA1 in Arabidopsis is also feedback-
regulated by small RNAs. miR398 induced by HSFA1 inhibits the 
expression of ROS-scavenging genes CSD1 (copper/zinc superoxide 
dismutase 1), CSD2, and CCS1 (copper chaperone of SOD1), leading 
to excessive ROS accumulation, positively regulating HSFA1 
expression and ultimately affecting heat tolerance (Guan et al., 2013). 
Studies have also found that DREB2A remains stable under high-
temperature stress through SUMO modification, helping improve heat 
tolerance (Wang et al., 2020).

4.2.2.3 Heat shock proteins regulating drought and heat 
resistance

Plants exposed to high temperatures and/or drought produce 
excessive free radicals (O2

−, H2O2, OH−), leading to cell damage and 
oxidative stress, which inhibit crucial cellular and metabolic processes 
(Hussain et al., 2019). These combined effects can slow plant growth 
and even cause wilting or death. Genetic and genomic studies have 
shown that many proteins and antioxidant genes are involved in plant 
responses to heat and drought stress (Al Khateeb et al., 2020; Bourgine 
and Guihur, 2021). These candidate proteins and genes protect plants 
from abiotic stress through cellular homeostasis, metabolic protein 
regulation, signal transduction, and antioxidant defense (Rahman 
et al., 2021; Wang et al., 2004). For example, overexpression of the 
TaHsfA6f gene in Arabidopsis significantly enhances tolerance to heat 
and drought (Bi et al., 2020). Li et al. (2014) analyzed the GmHsf 
family in soybean and found that Arabidopsis plants overexpressing 
GmHsf-34 exhibited stronger heat and drought tolerance. Ma et al. 
(2022) identified and characterized 16 putative Hsf genes through 
whole-genome bioinformatics analysis, including eight HsfA, five 
HsfB, and three HsfC in ryegrass. These genes mostly respond to early 
heat stress and also to late drought stress. Functional analysis of 
LmHSFA5, induced by high temperature and drought, showed that it 
may positively regulate heat and drought tolerance by directly 
activating the expression of LmHSP18.2 and LmAPX2 in ryegrass. 
Rahman et al. (2022) investigated the transcriptional response of HSP 
and antioxidant genes in perennial ryegrass under combined heat and 

drought stress. The study showed that oxidative stress indicators 
significantly increased under combined stress, while HSP70, HSP90-6, 
and mitochondrial small HSP26.2 showed high expression levels. 
Additionally, up to 90% of Hsfs in sesame have drought responsiveness 
(Dossa et al., 2016), and ZmHSF06 has a positive regulatory effect on 
drought tolerance in Arabidopsis (Li et al., 2015). Jiang et al. (2016) 
compared responses and gene expression differences of two perennial 
ryegrass varieties during deficit irrigation and growth recovery. The 
results showed significant differences in transcription levels of heat 
shock cognate protein 70 (HSC70), iron superoxide dismutase 
(FeSOD), and plasma membrane intrinsic protein 1 (PIP1) in leaves 
and stems, providing important evidence for further exploration of 
molecular mechanisms in drought resistance.

To resist heat stress, HSPs are induced and act as molecular 
chaperones to prevent protein denaturation, a process controlled by 
heat stress transcription factors. In the HSF gene family, the LpHSFC1b 
gene is significantly induced after heat treatment and is a core 
regulatory gene (Scharf et al., 2018). The FaHSFC1b gene of tall fescue 
and the LpHSFC1b gene of perennial ryegrass have been confirmed to 
be involved in plant heat stress responses. Overexpression of these 
genes can enhance heat tolerance in transgenic Arabidopsis and 
promote the expression of HSFA genes, HSP genes, and ABA 
synthesis-related gene NCED (Sundaram and Rathinasabapathi, 2010; 
Zhuang et al., 2018). Arabidopsis transformed with the LpHSFC1b 
gene showed decreased electrolyte leakage and MDA content, as well 
as significantly increased expression of heat stress response genes (Sun 
et  al., 2020). RNA-seq analysis showed that the HSFA and HSFB 
subfamilies in ryegrass are closely related to heat tolerance (Yang et al., 
2012). After 10 h of high-temperature treatment, about 25% of gene 
expression in ryegrass leaves showed significant changes, with genes 
A2, A3, A4, A6, and A9 in the HSFA subfamily and B genes in the 
HSFB subfamily significantly upregulated, indicating the important 
role of HSFA and HSFB in heat stress adaptation (Wang et al., 2017).

4.3 Strategies to improve drought and heat 
resistance in perennial ryegrass

4.3.1 Enhancing resistance through exogenous 
substances

Under drought stress, the water absorption capacity of perennial 
ryegrass roots may be  impaired. However, increasing the root-to-
shoot ratio can enhance root water uptake, effectively mitigating the 
negative effects of drought stress. Adopting appropriate cultivation 
and management strategies can significantly improve the drought 
resistance of ryegrass. Although drought stress typically restricts 
ryegrass growth, appropriate fertilization measures can promote 
biomass accumulation (Ponce et al., 1993). For instance, applying 
suitable concentrations of potassium fertilizer in arid environments 
can significantly improve seed germination rates, increase leaf 
thickness, and enhance the root-to-shoot ratio, thereby bolstering 
drought resistance (Hoffman et al., 2010). The application of nitrogen 
fertilizer has also been shown to significantly increase the dry matter 
yield of ryegrass and improve feed quality (Abraha et  al., 2015). 
Additionally, the use of silicates can alleviate physiological changes in 
ryegrass under drought stress, while plant growth regulators can 
reduce the rate of quality loss under such conditions (Hahn et al., 
2008; Mahdavi et al., 2016). Spraying uniconazole has been found to 
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reduce plant height, promote tillering, and improve stress resistance; 
foliar application of uniconazole enhances the drought resistance of 
ryegrass to varying degrees under drought stress (Ma et al., 2009). The 
application of rice husk biochar (RHB) improves shoot and root 
growth, increases chlorophyll content, and enhances photosynthetic 
efficiency, thereby augmenting drought tolerance (Safari et al., 2023). 
Methyl jasmonate (MeJA) treatment increases endogenous indole-3-
acetic acid (IAA) and MeJA levels in ryegrass under drought stress, 
contributing to increased biomass and improved drought resistance 
(Wei et al., 2024). Adding sludge to the soil can significantly improve 
growth rates and osmotic regulation under drought stress, enhance 
photosynthesis and water-use efficiency, and ultimately strengthen 
drought resistance (Bermanec et al., 2016).

In summer, moderate application of nitrogen fertilizer can meet 
the energy needs of plants to resist high temperatures. Adequate 
phosphorus fertilization helps plants absorb water from deeper soil 
layers, supplementing the insufficient surface moisture caused by high 
temperatures. Increasing potassium fertilizer application can enhance 
the heat resistance of forage, possibly because potassium promotes 
photosynthesis, accelerates protein and starch synthesis, compensates 
for excessive consumption of organic matter under high temperatures, 
and slows the aging process of forage (Gong et  al., 1998). The 
application of plant growth regulators can effectively improve the heat 
resistance of ryegrass, enabling it to survive hot summer days safely. 
For example, the use of chemicals such as paclobutrazol (PP333) can 
enhance plant heat resistance. Xiong et al. (2006) found that spraying 
PP333 at different concentrations on perennial ryegrass significantly 
reduced leaf emergence rates compared to the control group, while 
increasing the accumulation of free proline, relative leaf water content, 
soluble protein content, and enhancing the activities of ascorbic acid, 
peroxidase, and nitrate reductase. These changes work together to 
significantly enhance the heat tolerance of perennial ryegrass.

4.3.2 Enhancing resistance through symbiotic 
bacteria

Perennial ryegrass forms mutually beneficial symbiotic 
relationships with endophytic fungi. The grass provides space and 
essential nutrients for the fungi, while endophytic fungi play key roles 
in promoting plant growth and enhancing resistance to biotic and 
abiotic stresses (Clay and Schardl, 2002; Gao et al., 2024; Zhao et al., 
2024a). The impact of endophytic fungi on the resistance of perennial 
ryegrass has become an important research topic internationally. 
Numerous studies have shown that endophytic fungal infections can 
enhance the drought tolerance of perennial ryegrass (Kane, 2011), 
reduce damage caused by stress (Deng et al., 2020), and influence 
tillering (Ravel et al., 1997) and physiological responses. Endophytic 
fungi enhance the drought resistance of the host by boosting its 
osmotic regulation and reactive ROS scavenging systems (Ma et al., 
2020). Hesse et al. (2003) reported that under drought conditions, 
endophytic fungi increased the root-to-shoot ratio and root dry 
weight of ryegrass; subsequent studies found that they significantly 
increased seed yield.

Endophytic fungi also play crucial roles in plant growth and 
resistance to environmental stresses like heat stress. They effectively 
eliminate harmful ROS by inducing antioxidant enzyme production, 
thereby enhancing the plant’s antioxidant defense system. Endophytes 
can regulate plant hormone levels, promote the synthesis of ABA, and 
enhance heat tolerance (Ding et al., 2024; Sahu et al., 2022). Research 

has found that inoculation with Aspergillus oryzae significantly 
enhances the heat and drought resistance of perennial ryegrass. After 
treatment with Aspergillus nidulans, ABA content in ryegrass leaves 
significantly increased, while salicylic acid content decreased (Li et al., 
2021; Wei et  al., 2023b). Inoculation with arbuscular mycorrhizal 
(AM) fungi can enhance the antioxidant defense capacity and 
hormone levels of ryegrass under heat stress. Wei et al. (2023a) found 
that high-temperature stress significantly inhibited the growth of 
perennial ryegrass. However, inoculation with AM fungi combined 
with melatonin treatment upregulated the expression of melatonin 
synthesis genes in the ryegrass root system, increased endogenous 
melatonin content, enhanced antioxidant enzyme activity, reduced 
oxidative damage, and improved osmotic regulation ability, thereby 
enhancing heat tolerance (Zhao et al., 2022).

4.3.3 Breeding and cultivating superior varieties

4.3.3.1 Drought-resistant breeding strategies
Cultivating drought-resistant varieties is fundamental to 

improving plant drought tolerance. With the development of modern 
biotechnology, breeding research on perennial ryegrass has gained 
new opportunities and methods. Traditional breeding techniques, 
such as introduction, hybridization, and selection, have long 
improvement cycles and limited genetic material (Ahmar et al., 2020). 
Advances in biotechnology have provided new possibilities for 
cultivating drought-tolerant varieties.

Introduction is an important method for developing ryegrass 
production by bringing in excellent varieties from abroad or other 
regions, conducting adaptability assessments, and evaluating their 
suitability for promotion in specific areas. Among the 29 ryegrass 
varieties introduced by Huang et al. (2008) from Germany, “Taurus,” 
“Barfort,” “Gemini,” “Fastyl,” and others showed good adaptability in 
Sichuan; “Defo,” “Prestyl,” “Pomerol,” and others provided excellent 
genetic material for breeding new ryegrass varieties, accelerating the 
breeding process. “Winter Pasture 70” ryegrass exhibits characteristics 
of drought tolerance, low fertility requirements, and strong stress 
resistance, with yields surpassing those of Italian ryegrass and 
perennial ryegrass (Liu et al., 2006). Through introduction, excellent 
germplasm resources can be obtained. Wild and cultivated ryegrass 
germplasm resources can be  collected and sorted, and through 
domestication experiments and selective breeding, valuable parents 
can be provided for breeding new varieties.

As a strictly cross-pollinated plant, perennial ryegrass may achieve 
trait improvements through mixed selection and single-plant selection 
methods; cyclical selection can improve ryegrass populations (Sheng 
and He, 2003). In an experiment conducted by Mo et al. (2009) in 
Guizhou, excellent plants were selected from the seed breeding 
population of American varieties. After repeated selection and 
improvement, the high-yield and high-quality “Guicao No. 1” Italian 
ryegrass was bred. A comparative study on the drought tolerance of 
nine perennial ryegrass varieties found that the dry matter content of 
the Norwegian germplasm was 50% higher than that of the second-
best performing germplasm. After six drought cycles, the dry matter 
content was more than seven times higher than that of the reference 
variety “Grasslands Impact,” demonstrating excellent performance 
under drought stress (Daliya et al., 2018). A study on the genetic 
variation of drought resistance in 18 varieties revealed diversity among 
varieties and inconsistencies between survival rate and growth status. 
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The “Sopin” variety performed the best under two drought conditions, 
adapting to drought by regulating starch and sugar metabolism, 
antioxidant enzyme activity, and transcriptional regulation 
mechanisms (Wang et al., 2023).

Hybrid breeding, as an effective genetic improvement method, 
can integrate the excellent traits of both parents. Through gene 
recombination and interaction, offspring with heterosis surpassing the 
parents’ traits may be bred (Zhao et al., 2024b). For cross-pollinated 
ryegrass, hybridization between different varieties of the same species 
is convenient, and interspecific hybridization is also feasible, often 
resulting in fertile hybrids. Distant hybridization has proven effective 
for enhancing stress resistance in perennial ryegrass. Liu et al. (2004) 
confirmed through isoenzyme analysis that “Changjiang No. 2” Italian 
ryegrass is a hybrid of “Abode” and “Ganxuan No. 1,” integrating the 
excellent qualities of both parents. Studying the drought tolerance of 
hybrid offspring from perennial ryegrass and tall fescue revealed that 
drought-tolerant ryegrass varieties could be  developed through 
intergeneric hybridization (Wang and Bughrara, 2008).

Mutation breeding, as an effective means of genetic improvement, 
has been widely applied in drought-tolerance breeding of perennial 
ryegrass. Using spatial conditions for mutagenesis can generate high-
frequency and significant variations, with most trait variations being 
heritable. Yan and Zhang (2008) observed the germination rate, 
phenological period, and agronomic traits of “Changjiang No. 2” 
Italian ryegrass seeds carried by the “Shijian 8” satellite. They found 
that the germination rate of the space-exposed seeds reached 98.34%, 
higher than the control group; the later growth rate was faster, and the 
coefficient of variation for various agronomic traits was significantly 
higher than the control. Further research showed that the endogenous 
hormones, ion content, and nutrient elements of perennial ryegrass 
seeds infected with endophytic fungi (E+) and uninfected (E−) 
changed after aerospace mutagenesis, these changes promoted host 
plant growth and ultimately improved drought resistance (Ma et al., 
2020). Dong et al. (2018) successfully obtained mutant strains B9, B10, 
and B12 with strong drought resistance under drought stress by using 
EMS to induce mutations in seeds of the perennial ryegrass variety 
“Prime Minister.”

Global research focuses on introducing key functional genes 
into perennial ryegrass to improve its physiological characteristics. 
Given that perennial ryegrass is a cross-pollinated crop with high 
self-incompatibility, achieving homozygous stability of excellent 
genes is challenging, making genetic improvement relatively 
difficult. However, advances in biotechnology breeding have 
brought new hope. The application of genetic engineering, cell 
fusion, and molecular marker-assisted breeding techniques has 
improved breeding accuracy and speed, helping cultivate new 
varieties with ideal traits (Araghi et al., 2014; Foolad et al., 2001). 
Yang et al. (2006) transformed the DREB1B (CBF1) gene using a 
gene gun method and subjected 36 transgenic plants to drought 
treatment. After 25 days of drought, three plants showed signs of 
survival, and one revived after rehydration. Han et  al. (2007) 
introduced DREB1A and BADH-CMO genes into embryogenic 
callus tissue of perennial ryegrass using gene gun and 
Agrobacterium-mediated techniques. The transgenic plants 
obtained showed strong tolerance to drought stress and produced 
fertile transgenic plants with enhanced drought resistance and 
normal growth. Zhang et al. (2011) cloned the Ac-1-FFT gene from 
ice grass using transgenic technology and transferred it into ryegrass 

to cultivate a new variety with enhanced drought resistance. Jaskune 
et al. (2020) successfully identified single nucleotide polymorphism 
(SNP) markers adjacent to the Phytochrome B (PhyB) and MYB41 
transcription factor genes in perennial ryegrass using genome-wide 
association studies (GWAS). Research showed that the expression 
of these genes is closely related to leaf growth and yield under 
drought stress, playing roles in regulating drought response 
mechanisms. These SNP markers have the potential to become 
valuable resources for improving biomass and breeding strategies of 
perennial ryegrass under drought conditions. Akinroluyo et  al. 
(2021) found through RNA sequencing that tetraploid lines of 
Italian ryegrass (Lolium multiflorum) have higher drought resistance 
and survival rates than diploid lines due to high expression of 
functional protein and dehydration protein genes. Additionally, the 
release of the perennial ryegrass genome has made predictive 
research based on genomic data possible, aiding in the selection of 
perennial ryegrass and providing a foundation for breeding other 
ryegrass species (Byrne et al., 2016).

4.3.3.2 Heat-resistant breeding strategies
To enhance the resistance of perennial ryegrass to heat stress, 

several strategies can be adopted. Firstly, introducing new ryegrass 
varieties with excellent heat resistance based on the natural ecological 
conditions of different regions is considered the most economical and 
effective way to improve resistance in ryegrass production. Secondly, 
selecting ryegrass varieties with good heat resistance through hybrid 
breeding, mutagenesis breeding, biotechnology breeding, or a 
combination of conventional and biotechnology breeding is a 
comprehensive strategy to prevent and address susceptibility to high-
temperature stress (Kimbeng, 1999; Li et al., 2008; Soliman et al., 
2021). Currently, research on heat-resistant breeding of perennial 
ryegrass mainly focuses on screening germplasm resources. For 
example, Zhang et al. (2020) subjected 98 varieties to a 24-day heat 
treatment at 35°C/30°C and evaluated their heat tolerance using eight 
physiological indicators. They successfully identified five heat-resistant 
and five heat-sensitive varieties. The study also showed that the 
perennial ryegrass variety “Emerald” has poor heat tolerance (Sun 
et  al., 2020). Shi et  al. (2010) used the conductivity method to 
determine the heat tolerance of 12 ryegrass varieties and found that 
“Esquire” and “Granddaddy” exhibited high heat tolerance after heat 
stress and recovery, demonstrating good heat resistance characteristics. 
Furthermore, Soliman et al. (2021) successfully cultivated 72 F₁ hybrid 
offspring by crossbreeding the heat-resistant variety “Kangaroo 
Valley” with the heat-sensitive variety “Norlea.” These offspring exhibit 
significant additive genetic variation in heat tolerance, providing 
valuable genetic resources for improving the heat tolerance of 
perennial ryegrass. In another study, Wang et al. (2016) subjected 
perennial ryegrass to high-temperature treatment at 40°C for 10 h 
and, compared with ryegrass under normal growth conditions, used 
RNA sequencing to identify 52 heat shock transcription factor (HSF) 
genes. Similarly, Wang et al. (2017) conducted RNA sequencing on 
perennial ryegrass treated at 35°C for 6 h and identified four candidate 
genes related to the C₄ carbon fixation pathway. The significant 
differences in heat tolerance among perennial ryegrass varieties are 
mainly caused by genetic diversity. Phenotypic and genetic diversity 
analysis is necessary for in-depth research on heat tolerance 
mechanisms, screening promising plant materials, and developing 
effective breeding strategies (Zhu et al., 2022).
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5 Conclusion

In this study, we utilized bibliometric methods to comprehensively 
summarize and analyze the global literature on drought and heat stress 
in perennial ryegrass over the past 30 years. This analysis clarifies the 
overall knowledge framework of research in this area and provides a 
detailed and comprehensive reference for future studies. Our findings 
indicate a significant upward trend in research output during this 
period, with China and the United  States emerging as major 
contributors. Notably, the journal Crop Science published the highest 
number of relevant papers. Keyword analysis revealed that “growth,” 
“endophytic fungi,” and “yield” are the most frequently used terms in 
drought stress research, while “growth,” “gene,” and “leaf ” are prevalent 
in heat stress studies. Research has predominantly focused on 
phenotypic changes, response mechanisms, and techniques to 
enhance drought and heat resistance in perennial ryegrass. Endophytic 
fungi have become a hot topic in recent drought stress research and 
have also attracted considerable attention in heat stress studies, 
suggesting that this area may continue to develop in the future. 
Furthermore, there is a need to strengthen research on the functions 
and mechanisms of genes related to drought stress in ryegrass and to 
further explore molecular response mechanisms under heat stress. 
Trend analysis indicates that the interaction between drought and heat 
stress is receiving increasing attention, suggesting it will become an 
important direction for future research. Monitoring the hotspots and 
frontiers in perennial ryegrass research on drought and heat stress can 
help effectively identify key turning points and lay the foundation for 
future studies. The results of this study not only provide guidance for 
future research on perennial ryegrass under drought and heat stress 
but also offer valuable information for researchers in related fields.
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