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PHYSIOLOGICAL INDICATORS OF ADAPTABILITY  TO WATER DEFICIT 

OF Lotus corniculatus L. IN ARID AREAS OF NORTHERN MEXICO 

 

GENERAL ABSTRACT 

 

This study aims to investigate the impact of water limitation on Lotus corniculatus L., focusing on 
secondary metabolites production and antioxidant activity in response to water deficit (WD) across 
different seasonal periods. Moreover, this research assessed physiological responses, particularly 
changes in relative water content and photosynthetic pigments as indicators of plant resilience. 
Employing a randomized block experimental design with three replications, the study examined 
two levels of soil water content and five ecotypes arranged in a factorially (2 × 5) to generate ten 
treatments. Results reveal significant variations among ecotypes under WD, particularly the  
ecotype 255301, which exhibited elevated concentrations of total phenols, flavonoids, tannins, 
and radical scavenging activity during winter. Ecotype 255305 demonstrated increased radical 
scavenging activity and total tannin concentration in both winter and spring under WD. 
Additionally, ecotype 255301 showed higher total saponin concentration during summer under 
WD, collectively indicating adaptive responses to mitigate water deficit and extreme temperatures. 

Photosynthetic pigments displayed significant effects, particularly total chlorophyll, with notable 
increases in chlorophyll a concentration in ecotype 255301 under WD compared to other 
ecotypes. Carotenoid concentrations were also influenced by water deficit, showing higher levels 
in specific ecotypes and the Estanzuela Ganador variety during seasonal periods. Principal 
component analysis reveals that soil moisture content significantly affects chlorophyll and 
carotenoid concentrations, with optimal moisture conditions correlating with higher pigment levels. 

In conclusion, understanding the physiological response of L. corniculatus to water deficit stress 
in this study underscores insights into its potential as a water-saving forage crop for sustainable 
agriculture and enhancing food security.  

 

Keywords: drought, soil moisture, plant physiology, forage, biochemical response  
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INDICADORES FISIOLÓGICOS DE ADAPTABILIDAD AL DÉFICIT HÍDRICO 

DE Lotus corniculatus L. EN ZONAS ÁRIDAS DEL NORTE DE MÉXICO 

 

RESUMEN GENERAL 

El impacto de la limitación de agua en materiales de Lotus corniculatus L., fue el objetivo de este 
estudio, centrándose en la producción de metabolitos secundarios y la actividad antioxidante en 
respuesta al déficit hídrico (DH) en diferentes períodos estacionales. Además, esta investigación 
evaluó las respuestas fisiológicas, enfocada en los cambios en el contenido relativo de agua y los 
pigmentos fotosintéticos como indicadores de la resiliencia de las plantas. El diseño experimental 
empleado fue en bloques aleatorios con tres repeticiones, el estudio examino dos niveles de 
contenido de agua en el suelo y cinco ecotipos ordenados de manera factorial (2 × 5) para generar 
diez tratamientos. Los resultados revelaron variaciones significativas entre los ecotipos bajo DH, 
particularmente el ecotipo 255301 que exhibió concentraciones elevadas de fenoles totales, 
flavonoides, taninos y actividad eliminadora de radicales durante el invierno. El ecotipo 255305 
demostró una mayor actividad eliminadora de radicales y una concentración total de taninos en 
invierno y primavera bajo DH. Además, el ecotipo 255301 exhibe una mayor concentración de 
saponina total durante el verano bajo DH, lo que indica colectivamente respuestas adaptativas 
para mitigar el déficit de agua y las temperaturas extremas. 

Los pigmentos fotosintéticos mostraron efectos significativos, particularmente en la clorofila total, 
con notables incrementos en la concentración de clorofila a en el ecotipo 255301 bajo DH en 
comparación con otros ecotipos. Las concentraciones de carotenoides también están 
influenciadas por el déficit hídrico, observándose niveles más altos en ecotipos específicos y en 
la variedad Estanzuela Ganador durante los períodos estacionales. El análisis de componentes 
principales revela que el contenido de humedad del suelo afecta significativamente las 
concentraciones de clorofila y carotenoides, y las condiciones óptimas de humedad se 
correlacionan con niveles más altos de pigmento. 

En conclusión, la importancia de comprender las respuestas fisiológicas de L. corniculatus al 
estrés por déficit hídrico en esta investigación subraya información sobre su potencial como 
cultivo forrajero que ahorra agua para la agricultura sostenible y la mejora de la seguridad 
alimentaria. 

 

Palabras clave: sequía, humedad del suelo, fisiología vegetal, forraje, respuesta bioquímica 
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CHAPTER I: GENERAL INTRODUCTION 

Water, a fundamental element of subsistence, stands at the core of global 

agricultural systems, profoundly influencing food production and sustainability. 

Agricultural practices worldwide consume more than 70% of the available 

freshwater resources, far surpassing the mere 20 liters typically allotted for human 

consumption (Saha et al., 2022). However, this vital resource is under increasing 

pressure due to a tripled world population during the 20th century, exacerbating 

water scarcity issues, particularly in developing regions where approximately 35% 

of the global population resides (Kramina et al., 2018; Wagoner, 1990; G. Wang 

et al., 2016). Prolonged droughts, symptomatic of climate change, have inflicted 

severe damage on vital crops in major agricultural regions, further exacerbating 

the strain on water resources (Sinclair et al., 2019; Yung et al., 2022). In arid 

regions, where up to 90% of available water is utilized, it becomes imperative to 

explore innovative strategies to enhance water use efficiency in agriculture 

(Flörke et al., 2018). 

One such strategy involves the exploration and promotion of alternative crops 

suitable for arid and semi-arid regions. In Mexico, for instance, approximately 10 

million hectares of agricultural land are considered unproductive due to extreme 

aridity, primarily affecting the northern and northwest regions (Pedroza Sandoval 

et al., 2014). Extensive livestock farming, reliant on native vegetation and 

unrestricted grazing, exacerbates environmental degradation and loss of 

biodiversity in these areas (Hasanuzzaman, 2020; Pérez-Espejo et al., 2016; 

Sinclair et al., 2019). Introducing alternative forages, such as Lotus corniculatus 

L. (Bird's-foot trefoil), holds promise in mitigating these challenges due to its 

drought tolerance and adaptability to various soil conditions (Blumenthal & 

McGraw, 1999; Grant & Small, 1996).  

Lotus corniculatus L., a member of the Fabaceae family, boasts extensive 

biological diversity with over 18,000 species globally (Álvarez-Vázquez et al., 

2018). Recognized for its resilience in poorly drained and sandy soils, Bird's-foot 

trefoil offers high-quality forage suitable for silage production, straw production, 
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and direct consumption (Carter et al., 1999; Morris et al., 2021; Santacoloma-

Varón et al., 2017). However, despite its global significance, there remains a need 

to enhance its drought and salt tolerance to ensure its productivity and 

sustainability, particularly in water-limited regions. 

Understanding the physiological and genetic mechanisms enabling plants to 

tolerate water deficit is crucial for designing efficient cropping systems. Plant 

responses to water stress involve intricate mechanisms, including stomatal 

regulation, photosynthetic adaptation, and antioxidant defense systems (Farooq 

et al., 2009; Flexas et al., 2004; Kostopoulou & Karatassiou, 2017). Efficient water 

use, characterized by the relationship between accumulated plant dry matter and 

transpired water, serves as a vital parameter for identifying drought-tolerant 

genotypes and developing plant improvement programs (Balazadeh et al., 2021; 

Inostroza et al., 2015; Islam et al., 2021). 

Moreover, the antioxidant system plays a pivotal role in mitigating oxidative stress 

induced by water deficit, safeguarding cellular components from damage caused 

by reactive oxygen species (Talaat, 2019). Exploring non-enzymatic antioxidant 

systems, such as phenolic compounds, flavonoids, tannins, and saponins, sheds 

light on their diverse roles in plant defense mechanisms and environmental 

adaptations (Abderrahmane et al., 2014; Banu & Cathrine, 2015). 

Additionally, understanding the impact of water stress on photosynthetic pigments 

provides valuable insights into plant health and productivity. Chlorophyll and 

carotenoid concentrations serve as essential indicators of stress events and 

adaptation strategies in response to biotic and abiotic stressors (Barickman et al., 

2019; Croft et al., 2020; Kume et al., 2018; Sheikh et al., 2017). Considering 

these, this thesis aims to investigate strategies for enhancing water use efficiency 

and adaptation mechanisms in agriculture, with a particular focus on Lotus 

corniculatus. Through a comprehensive exploration of physiological, genetic, and 

biochemical mechanisms, this research endeavors to contribute to sustainable 

agricultural practices in water-limited regions, ensuring food security and 

environmental resilience in the face of climate change challenges. 
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1.2 JUSTIFICATION 

Water scarcity is a pressing issue globally, particularly in arid and semi-arid 

regions where agricultural practices are heavily dependent on limited water 

resources. With over 70% of freshwater being utilized for agricultural purposes, 

innovative strategies are imperative to enhance water use efficiency and ensure 

sustainable food production. Introducing alternative crops resilient to drought 

conditions presents a viable solution to mitigate water scarcity challenges. 

Lotus corniculatus, commonly known as Bird' s-Foot trefoil, emerges as a 

promising alternative forage crop due to its drought tolerance and adaptability to 

various soil conditions. Exploring and promoting such alternative crops offers a 

pathway to alleviating the pressure on water resources, especially in regions like 

Mexico, where extensive agricultural lands remain unproductive due to extreme 

aridity. 

This study underscores the importance of understanding the physiological and 

genetic mechanisms underlying plant responses to water deficit. By evaluating 

different ecotypes and varieties of L. corniculatus under varying soil water content 

levels, the research sheds light on the production of secondary metabolites and 

antioxidant activity in response to water limitation. 

The findings reveal significant increases in concentrations of total phenols, 

flavonoids, tannins, and radical scavenging activity in specific ecotypes of L. 

corniculatus under water deficit conditions during different seasons. These 

responses demonstrate the plant's adaptive strategies to mitigate the effects of 

water scarcity and extreme temperatures, thereby enhancing its resilience and 

productivity in arid environments. 

The study's results provide valuable insights into the biochemical mechanisms 

employed by L. corniculatus to cope with water stress, including the role of non-

enzymatic antioxidant systems and the impact on photosynthetic pigments. Such 

knowledge is crucial for developing strategies to improve water use efficiency and 

enhance crop resilience in water-limited regions, contributing to sustainable 
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agricultural practices and ensuring food security amidst climate change 

challenges. 

1.3 GENERAL OBJECTIVE 

To identify physiological responses of L. corniculatus ecotypes and a variety in 

two soil moisture contents under semi-controlled conditions.   

1.3.1 Specific objectives 

• To evaluate different ecotypes and one variety of L. corniculatus in terms 

of their ability to produce secondary metabolites with antioxidant activity 

under water deficit through seasonal times. 

 

• To evaluate the performance of different ecotypes and a variety of L. 

corniculatus by the relative water content, the concentration of 

photosynthetic pigments (chlorophyll a, chlorophyll b, and total 

chlorophyll), as well as the relative chlorophyll index in response to water 

deficit during the different seasonal times. 

1.4 HYPOTHESIS 

Some ecotypes or varieties of L. corniculatus present favorable physiological and 

biochemical changes under water-limiting conditions. 
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2.1 Water 

Water is a fundamental element of subsistence. The average amount of water 

consumed worldwide for agricultural use is more than 70% (Flörke et al., 2018). 

Water required in agricultural production systems (crop, livestock, and 

aquaculture) is more significant than the 20 L usually needed for human 

consumption (Salter, 2017). Freshwater supplies in developing countries that are 

used to produce food are estimated at between 70 and 90%. However, the volume 

of water available is directly affected by population increase (Clemensen et al., 

2020). The world population tripled during the 20th century, increasing the 

pressure on water resources, so water withdrawals increased sixfold, generating 

serious situations in regions where water scarcity was already a problem, where 

about 35% of the world population resides (Ramirez Barraza et al., 2019).  

In recent years, prolonged droughts have been observed to cause severe damage 

to several vital crops in major producing areas of the world (Escalante-Magaña et 

al., 2019). Agriculture consumes most of the water, but in arid regions, up to 90% 

of the available volume is used. This is why it is necessary to look for new 

strategies to achieve efficient use of water. Currently, genetic engineering seeks 

to propose solutions where the production of food capable of satisfying the 

demand of the population with a smaller amount of water is achieved (Muñiz 

García & Capiati, 2011). However, the actual biodiversity and genetic diversity are 

a source of alternative crops that withstand drought stress with a better water use 

efficiency. 

2.2 Alternative crops 

The agricultural areas considered unproductive in Mexico due to their extreme 

degree of aridity are close to 10 million hectares (Pedroza Sandoval et al., 2014). 

The northern and northwest regions are the most affected. Even under this 

condition, agricultural activity represents one of the main activities that contribute 

to the economy (Salter, 2017). However, producers face a shortage of food for 

livestock due to the practice of extensive livestock farming, unrestricted grazing, 
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without management, and basically dependent on native vegetation. Extensive 

livestock farming is the leading cause of changes to ecosystems and loss of 

biodiversity in arid areas (Ramírez-Restrepo et al., 2006). One way to stop 

environmental deterioration and the failure of biodiversity is through options 

compatible with our economic activities, such as stabling animals, reducing 

grazing, and promoting the planting and conservation of alternative forages with 

new species that are drought tolerant and salinity (Diéguez et al., 2014). 

Water stress is one of the main ecological factors that has a negative effect, 

directly impacting the pastoral ecosystems of extensive livestock farming (Olmos 

López, 2004). The yield of forage crops is often greatly influenced by drought. The 

plants that are used as an alternative forage crop are perennial legumes such as 

white clover (Trifolium repens L.), red clover (T. pretense L.), strawberry clover 

(T. fragiferum), and bird´s foot trefoil (Lotus corniculatus L.)(Álvarez-Vázquez et 

al., 2018). Of these, the one that has the best capacity to tolerate drought is the 

Lotus (Orloff et al., 2018). 

2.3 Species under study Lotus corniculatus L. (Bird´s foot trefoil) 

The Fabaceae family encompasses the Lotus genus, as noted by Abderrahmane 

et al. (2014). With over 18,000 species and approximately 720 genera globally, 

Lotus, a term introduced by Linnaeus in 1753 (Maguire et al., 2020), exhibits 

extensive biological diversity. Within this genus, there are around 200 annual and 

perennial species, including the widely distributed Bird's-foot trefoil native to 

Europe and Western Asia and naturalized in various temperate regions such as 

South and North America, Australia, and New Zealand (Steiner & Garcia de los 

Santos, 2001). 

Bird's-foot trefoil, a prevalent grass legume, thrives in poorly drained acid soils 

and demonstrates adaptability to sandy soils (Casler & Undersander, 2018; Clua 

et al., 2009). Unlike other forage legumes in eastern North America, it does not 

induce bloat in ruminants (Christensen et al., 2017). The species offers three 

distinct types—prostrate, erect, and semi-erect—with each type catering to 
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specific agricultural purposes. Seedling vigor is comparatively lower, and the 

species utilizes root reserves for early spring growth, unlike most legumes that 

replenish root reserves in late summer (Casler & Undersander, 2018). 

Energy reserves in bird 's-foot trefoil are stored in the crown and stubble, which is 

crucial for respiration and subsequent plant growth (Casler & Undersander, 2018). 

Maintaining an appropriate cutting height, leaving the last 3 to 4 inches of grass, 

is recommended to preserve vital energy reserves for the following year's 

production (Santacoloma-Varón et al., 2017). The stored sugars, primarily located 

in the internodes of the stubble, amount to 85-90%, with adequate stubble 

essential to prevent drying out. These sugars and starches can be reactivated for 

respiration and new plant growth when water is available (Orloff et al., 2018; 

Volenec & Nelson, 2020). 

Bird's-foot trefoil is valued for high-quality forage, utilized in silage, straw 

production, and direct green consumption (Acuña et al., 2008; Santacoloma-

Varón et al., 2017). In South America, key species include Lotus corniculatus, 

Lotus tenuis, Lotus pedunculatus (synonym L. uliginosus), and Lotus subbiflorus 

(Ross & Jones, 1985). Notably, these species exhibit greater tolerance to soil 

acidity compared to other legumes like alfalfa and clover (Trifolium spp.) (Girardi 

et al., 2014). Due to its global significance as a forage legume with high nutritional 

value, there is a need for reproducing L. corniculatus with enhanced drought and 

salt tolerance (Díaz et al., 2005; Hunt et al., 2015; D. Wang et al., 2018). Given 

the varying international results and limited information in Mexico regarding its 

productive potential and nutritional quality, it is crucial to conduct studies on this 

legume to identify genotypes or accessions with favorable traits (García-Bonilla 

et al., 2014). 

2.4 Water stress 

The significance of water in plant life, directly influencing growth and productivity, 

has been highlighted by Luna-Flores et al. (2012). Metabolic and photosynthetic 

reactions predominantly occur in an aqueous medium, making the limited 
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availability of water in a plant's environment lead to unfavorable responses, 

impacting morphology, anatomy, and physiological processes under water stress 

conditions (Clua et al., 2009). Water is transported within plants through three 

distinct routes: apoplastic (via cell walls without crossing cell membranes), 

transmembrane (entering cells), and symplastic (through plasmodesmata 

communicating between partitions) (Taiz & Zeiger, 2002). The plant's water status 

is often expressed through relative water content (RWC), which represents the 

absolute amount needed for total saturation and reflects the water balance 

(Mohammadkhani & Heidari, 2007). 

Transpiration, the process through which plants lose a significant amount of 

water, mainly occurs through stomata, modified epidermal cells surrounded by 

guard cells (Staniak et al., 2018). Stomata, acting as hydraulically directed valves, 

regulate moisture loss by altering pore openings (Ammar et al., 2020). Beyond 

controlling transpiration, stomata serve as the entry route for CO2 during 

photosynthesis (Farooq et al., 2009; Kostopoulou & Karatassiou, 2017). Various 

factors influence transpiration rates and stomatal activity, including vapor 

pressure deficit, light quality and quantity, environmental CO2, air contaminants, 

leaf temperature, and soil water content (Carter et al., 1997; Flexas et al., 2004; 

Sharma et al., 2020). The initiation of stomatal closure, according to Hernández 

et al. (2013), is signaled by the roots and dependent on soil water content. 

Transpiration becomes a necessary secondary process for photosynthesis during 

the day when the vapor pressure deficit is higher (Ammar et al., 2020; 

Hasanuzzaman, 2020). The combination of transpiration and low soil water 

availability significantly affects plants, with stomatal closure mediated by abscisic 

acid to prevent water loss. Each plant species has a specific response threshold 

to water potential and factors influencing stomatal opening (Flexas et al., 2004; 

Taiz & Zeiger, 2002). 

Water stress, induced by global climate change and intense drought periods, 

adversely affects plant development, crop growth, and productivity. 

Understanding genetic and physiological mechanisms that enable plants to 
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tolerate water deficit becomes crucial for designing efficient cropping systems in 

water-limited regions (Inostroza et al., 2015). Plants employ adaptive strategies 

during water stress, with C4 and CAM plants exhibiting anatomical and metabolic 

differences to reduce water loss, while C3 plants may experience reduced 

photosynthetic advantages in drought conditions (Sharma et al., 2020). 

Symptoms of water deficit in plants include delayed growth, restricted CO2 

diffusion, decreased photosynthesis, and accelerated leaf senescence 

(Mohammadkhani & Heidari, 2007). 

2.5 Efficiency in water use 

The presence of water in the soil plays a crucial role in the water balance, serving 

as the primary source from which plants extract the necessary amount for 

metabolic processes and compensate for water lost during transpiration, as 

highlighted by Browne et al. (2020). Soil characteristics, including its moisture and 

nutrient retention capacity, are determined by its texture, which, in turn, influences 

factors such as aeration through the number of pores and capillaries supporting 

root respiration (Farooq et al., 2009; Mohammadkhani & Heidari, 2007). 

Additionally, soil texture determines the cation exchange capacity responsible for 

retaining and exchanging available ions (Valentine et al., 2011). The field capacity 

(FC) of soil, varying with soil type, describes the point when the soil drains water 

by gravity after irrigation or rain, remaining humid with a water potential close to 

zero. In contrast, the permanent wilting point (PWP) denotes the soil water content 

at which most plants remain wilted, even during nighttime (Browne et al., 2020; 

Karatassiou et al., 2014; Talbi et al., 2020). 

The concept of available water pertains to the amount of water within the soil 

falling within an acceptable range between the field capacity and the permanent 

wilting point. The closer the soil is to the PWP, the more challenging it becomes 

for the plant to access water (Browne et al., 2020). Efficient water use (EWU) is 

considered a physiological parameter that demonstrates tolerance to water deficit 

in various productive species, thereby aiding in the development of plant 

improvement programs. It is crucial to note that plant dry matter production is 
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closely linked to soil water availability (Luna-Flores et al., 2012). Consequently, 

there is a pressing need to identify new genotypes with higher EWU, as it signifies 

the relationship between accumulated plant dry matter and transpired water, as 

emphasized by the Inter-American Institute for Cooperation on Agriculture (IICA, 

2010). 

2.6 Antioxidant System 

The primary role of the antioxidant system is to regulate reactive oxygen species 

(ROS) through the utilization of specific ROS as substrates or cofactors. 

Ultimately, this process results in the production of non-reactive or less reactive 

species, thereby controlling oxidation (Xie et al., 2019). ROS, arising from normal 

metabolic processes, necessitates elaborate mechanisms in plants to manage 

them at sustainable levels, preventing damage caused by excess ROS (Peralta-

Pérez & Volke-Sepúlveda, 2012). Oxygen (O2), a relatively stable molecule, can 

generate highly reactive species by electron transfer (superoxide radical anion, 

hydrogen peroxide, hydroxyl radical) or altering spin state (singlet 

oxygen)(Moreno et al., 2011). 

Living organisms possess antioxidant defense systems comprising enzymatic and 

non-enzymatic antioxidants to eliminate these radicals (Moattar et al., 2016). Two 

response mechanisms in oxidation-reduction situations exist the non-enzymatic 

system (ascorbic acid, polyphenols, chalcones, tocopherols, anthocyanins, 

carotenoids, glutathione, etc.) and the enzymatic system (catalase, peroxidase, 

ascorbate peroxidase, glutathione reductase, superoxide dismutase, etc.) 

(Moreno et al., 2011). 

Antioxidant enzymes play a crucial role in stabilizing or deactivating free radicals, 

preventing the oxidation of cellular components and subsequent damage. Due to 

their single pair of electrons, free radicals are highly reactive and readily interact 

with proteins, lipids, carbohydrates, and nucleic acids, causing denaturation (Alici 

& Arabaci, 2016). Various mechanisms, such as energy reduction or electron 

donation, contribute to the conservation of antioxidant enzymes. The enzymatic 
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response during periods of stress provides an adaptive advantage to oxidative 

stress in plants (Borsani et al., 2001). 

Spectrophotometric measurement of enzymatic activities offers researchers a 

precise method to study a crucial aspect of defense against oxidative stress 

(Elavarthi & Martin, 2010). In vitro, determinations of antioxidant capacity provide 

only an approximation of the complex phenomena occurring in vivo (Kuskoski et 

al., 2005). The overall antioxidant capacity of a combination of different systems 

is not solely determined by the sum of individual antioxidant capacities (Kuskoski 

et al., 2005; Morales et al., 2008). 

2.7 Non-Enzymatic Antioxidant Systems 

2.7.1 Secondary metabolism 

Encompassing diverse chemical substances, it contrasts with primary metabolism 

products and includes phenolic compounds, nitrogenous toxins, terpenes, 

polyacetylene hydrocarbons, and oxalates (Ramos et al., 1998). Ecological 

properties attributed to secondary metabolites vary and are influenced by 

environmental factors such as light, water, temperature, and climate changes. 

These compounds act as UV filters, reducing damage caused by UV-B radiation, 

and their concentration can be affected by climate change, impacting plant 

defense responses against pathogens (Morris et al., 2021). 

2.7.2 Phenolic compounds 

The extensive array of secondary metabolites in plants holds significance due to 

their involvement in various cellular processes, including morphology, growth, 

reproduction, defense mechanisms, and germination (Jurado et al., 2016). 

Characterized by at least one aromatic ring with one or more hydroxyl 

substituents, these compounds encompass flavonoids, phenolic acids, tannins, 

stilbenes, coumarins, and lignans (Chohan et al., 2019). Their biosynthesis and 

concentration are influenced by factors such as genotype, biotic elements (pests, 
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pathogen infections), and abiotic stressors (light, temperature, nutrient availability, 

water conditions, growth parameters, and UV radiation) (Yábar et al., 2019). 

2.7.3 Flavonoids 

Recognized for their potent antioxidant properties, they play a crucial role in 

eliminating hydroxyl radicals, superoxide anions, and peroxyl radicals 

(Bulugahapitiya, 2018). While their primary function involves the coloration of 

plant organs, flavonoids also contribute to physiological activities related to light 

perception and impact the flavor and aroma of plants (Liu et al., 2021). 

Additionally, flavonoids serve as signaling molecules in certain leguminous plants, 

influencing the interaction between atmospheric nitrogen-fixing bacteria (Garzón, 

2010). 

2.7.4 Tannins 

Tannins are high-molecular-weight secondary phenolic compounds present in 

various fruits, trees, and temperate forage species (Naikoo et al., 2019). 

Classified as condensed (CT) and hydrolysable (HT), their chemical structure and 

concentration depend on factors like species, crop, tissue, development stage, 

and environmental conditions (Acuña et al., 2008; García, 2004; Otero & Hidalgo, 

2004). 

2.7.5 Saponins 

These are glycosides primarily found in plants and exhibit diverse properties, 

including foaming in water (Quillay-Davila et al., 2018). Despite potential harmful 

effects, saponins are present in various forages and cover crops, such as clover 

L. corniculatus, where they are found in smaller amounts (Price et al., 1987). This 

comprehensive exploration sheds light on the multifaceted roles of non-enzymatic 

antioxidant systems and their diverse components in cellular processes and 

environmental adaptations (Naikoo et al., 2019). 

2.7.6 Photosynthetic Pigments 
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Plants experience biotic and abiotic stress simultaneously or in combinations, 

affecting growth and development. Osmond et al. (1987) mention that stress 

caused by high radiation, UV radiation, water deficit, salinity, pathogens, heavy 

metals, or high temperatures can affect the photosynthesis process. Chloroplasts 

are mainly considered to be the target of environmental stress since they manifest 

the primary and typical response during photodamage (Hasanuzzaman, 2020). 

The damage caused by an excessive increase in reactive oxygen species (ROS) 

because of the rise in the conversion of energy to O2 molecules forms complexes 

that disturb the redox status of both the stroma and the thylakoid membrane 

(Flexas & Medrano, 2002; Jimenez et al., 2012). As a consequence of the 

previous process, the efficiency in the photosystems is low, CO2 fixation 

decreases, and loss of efficient use of water, among others (Mickky et al., 2018). 

The study of pigments is essential from an ecophysiological point of view because 

it provides information on productivity and stress events, among others. Leaf 

concentrations of photosynthetic pigments (chlorophyll a and b, carotenoids) 

generally decrease in response to stress or disease (Kume et al., 2018; Maoka, 

2020). Although they may also be related to photo acclimatization (Reigosa, 

2001). These changes produce significant differences in leaf reflectance and 

transmittance spectra and allow for screening monitoring of plant health 

(Casierra-Posada et al., 2012; España-Boquera et al., 2010). 

Chlorophyll (chl) and carotenoid molecules are the antenna pigments in the two 

photosystems (Sánchez et al., 2018). Flexas et al. (2004) mention that the 

complexes that make photosynthesis possible are distributed in the chloroplast: 

PSII in the grana, PSI in the lamellae, ATPase in the lamellae, and the cytochrome 

complex in the grana and its margins (Manrique Reol, 2003). Concepts related to 

the second reaction involve the reduction and fixation of CO2 to organic molecules 

using byproducts of the first reaction (Signorelli et al., 2019) 

The Calvin cycle (C3 pathway) is the central pathway of CO2 reduction (Reigosa, 

2001). There are some other adaptive processes of different types than those of 

plants with the C3 cycle. An adaptation in several grasses included an additional 
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pathway for CO2 concentration as well as a special anatomical modification of the 

leaf known as Kranz Anatomy, where two different types of photosynthetic cells 

were shown, which form a separation of the fixation and reduction processes of 

CO2, in the C4 pathway (Taiz & Zeiger, 2002). Another adaptation was found in 

succulent plants called CAM (crassulaceae acid metabolism). These plants 

assimilate atmospheric CO2 during the night, and it is stored as malate in 

vacuoles; most of it is exhausted during the day with the production of CO2 

(Azcón-Bieto & Talón, 2003). This adaptation is a response to the need to 

conserve water during the day in desert areas (Moreno et al., 2011). 

The determination of chlorophylls and carotenoids is frequently essential data. 

Their quantification generally uses equations involving extinction coefficients and 

absorbances measured in the leaf extract at specific wavelengths (España-

Boquera et al., 2010; Val et al., 1985). Moreover, recently, quantification through 

fluorescence emission through the use of portable equipment can provide 

quantitative and qualitative information on photosynthesis (IICA, 2010). 
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CHAPTER III: Secondary Metabolites and Their Antioxidant Activity 

Enhance the Tolerance to Water Deficit on Clover Lotus corniculatus L. 

through Different Seasonal Times 
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CHAPTER IV:  RELATIVE WATER CONTENT, CHLOROPHYLL INDEX, AND 

PHOTOSYNTHETIC PIGMENTS ON Lotus corniculatus L. IN RESPONSE 

TO WATER DEFICIT 
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V. GENERAL CONCLUSIONS 

In conclusion, this research contributes to the ongoing efforts aimed at addressing 

water scarcity in agriculture by highlighting the potential of alternative crops like 

Lotus corniculatus L. and elucidating their adaptive mechanisms. By advancing 

our understanding of plant responses to water deficit, this study lays the 

foundation for future initiatives focused on sustainable agriculture and 

environmental resilience. 

The comprehensive evaluation of Lotus corniculatus ecotypes presented in this 

study offers valuable insights into the plant's adaptive mechanisms to extreme 

environmental conditions, particularly water deficit. The findings highlight the 

remarkable potential of certain ecotypes, such as 255301 and 255305, in adapting 

to high and low temperatures across different seasons. Notably, these ecotypes 

exhibited stability in relative water content, indicating their resilience to water-

deficit conditions. 

Photosynthetic pigments, notably chlorophyll, and carotenoids, emerged as 

primary indicators of response to water deficit, forming distinct clusters that 

explain a significant portion of the variance. Bivariate associations further 

underscored the intricate relationships between environmental factors and 

pigment concentrations, providing deeper insights into the physiological 

responses of L.corniculatus to water stress. 

Moreover, the study elucidated the ecotype-specific responses in secondary 

metabolite concentrations and antioxidant activity under water deficit conditions. 

While the 255301 ecotype demonstrated an increase in phenols, flavonoids, and 

tannins, the 255305 ecotype exhibited enhanced tannin concentration and 

antioxidant activity, particularly during winter when temperatures were lower. This 

variability in response underscores the adaptability and versatility of L. 

corniculatus as a potential alternative forage crop in arid environments. 

 



 

70 
 

Additionally, the study identified the 255301 ecotype's unique response in 

increasing saponin concentration as a mitigation strategy against stress induced 

by high temperatures and water deficit in summer. Such diversity in responses 

further emphasizes the potential of L. corniculatus to contribute to sustainable 

agriculture in water-limited regions. 

Overall, this research provides crucial insights into the physiological and 

biochemical responses of Lotus corniculatus to water deficit, laying the 

groundwork for future studies aimed at enhancing tolerance to water scarcity and 

other abiotic stress in extreme environments. By harnessing the adaptive traits of 

resilient ecotypes, there is immense potential to advance sustainable agricultural 

practices, ensure food security, and promote environmental resilience amidst 

escalating climate change challenges. 


