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Abstract 

Maize (Zea mays L.) is the most important crop in Mexico and is grown in a wide range of 

habitats, from sea level to more than 3000 m a.s.l., and from tropical, humid surroundings to 

semi-desert conditions. Maize is also intercropped with other crops, principally bean 

(Phaseolus spp. or Vigna unguiculata (L) Walp), and squash (Cucurbita spp.), and this crop 

production system, called the milpa, is practiced on a large scale by Mexican smallholders. 

However, warmer temperatures and predicted as a result of climate change will have an 

impact on maize and milpa system.  

In this context, the aim of this study was to determine the physiology, metabolomic profiles, 

grain yield, and photosynthetic capacity response of creole (native) genotypes of maize from 

three agroclimatic regions of San Luis Potosí (SLP), Mexico, and their intercropping system 

(milpa) under the related effect of climate change.  

For that, five specific objectives were considered: 1) to evaluate the germination and initial 

growth of creole genotypes of maize coming from different agroclimatic regions at different 

temperatures and levels of stress under laboratory conditions; 2) to provide a reference for 

research on the antistress mechanism of maize with a special focus on Mexican native maize, 

loading for strategies and future perspectives for the protection of native maize for its 

importance to Mexican smallholders "campesinos" and the negative impact of the related 

effect of climate change on the crop; 3) to determine the metabolomic profiles of native maize 

seedlings from warm-dry, temperate, and hot and humid climates of the state of SLP grown 

in controlled environments related to some effects of climate change (temperature increase 

and water deficit stress) by gas chromatography/mass spectrometry (GC/MS) techniques; 4) 

to evaluate the emergence, initial growth and photosynthetic parameters of native maize 

genotypes from different climates or agro-ecological zones under induced passive heat; 5) to 

determine the effect of an increase in temperature on physiology, photosynthetic capacity, 

and grain yield responses of three milpa systems from different climates from SLP. 

Considering our hypothesis was: when native genotypes of maize and his intercropping 

system (milpa) suited to specific local conditions are subjected to relevant effects of climate 

change, their metabolomics profiles, germination, emergence, initial growth and 

development, grain yield, and photosynthetic parameters respond differently depending on 

their origin. 

Native genotypes of maize (and their intercropped bean and squash) from the three 

agroclimatic regions of the state of SLP, called Altiplano (warm-dry), Media (template) and 

Huasteca (hot and humid), were used. 
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In the laboratory conditions, the germination and initial growth, and the metabolomic profile 

of maize genotype seedlings (corresponding to stage V2 (visible the neck of the second leaf)) 

were evaluated at different temperatures and water potentials. 

With the use of OTC in the field, the emergence of young maize plants (corresponding to the 

growth stage between V9 and V12) and their growth parameters and photosynthetic capacity 

were evaluated. OTC was developed to evaluate the complete cycle of milpas 

(maize+bean+squash) genotypes from the three agro-ecological regions. It is important to 

note that a literature review of the metabolomic profiles of maize plants under abiotic stress 

has been proposed with a special focus on Mexican native maize. 

The germination and initial growth of creole genotypes of maize coming from different 

agroclimatic regions were drastically affected by the increase of temperature and water 

deficit. 

Untargeted metabolic profiling using gas chromatography/mass spectrometry in combination 

with multivariate data analysis provided molecular differentiation of the native genotypes of 

maize from warm-dry (Altiplano), template (Media), and hot and humid (Huasteca) 

environments. 

The emergence of the seedlings and the photochemical quenching of the maize young plants 

genotypes were affected negatively by the increase in air temperature. Plant growth benefited 

from the increase in temperature and accelerated. 

The growth and development of maize, bean, and squash in the milpa systems increased 

under the effect of induced heating. In addition, the milpas of the Huasteca (warmer region) 

were the least affected by induced passive heat. Instead, the warming reduced the grain yield 

parameters of the crops; the squash was the most affected, while the bean was the least. 

Induced warming altered chlorophyll fluorescence and gas exchange parameters differently 

for each crop. However, in the early stage (45 days after the emergence), the maximum 

efficiency of photosystem II (Fv/Fm) and the non-photochemical quenching (qN) of bean 

and maize were reduced, while in the reproductive stage (75 days after the emergence), they 

were Fv/Fm, qN, and photochemical quenching (qP) for maize; the stomatal conductance 

and transpiration rate of the squash plants improved under the effect of warming. 

The results allow us to establish the following: 

The maize genotypes of the region with the highest mean annual temperature and 

precipitation (Huasteca) were the most affected in germination and initial growth [laboratory 

conditions and early stages (field conditions of young plants)]. This is associated with 

adaptations to local conditions of their genetic material with fewer stress conditions 

compared to the Altiplano and Media materials, regions of unfavorable conditions associated 
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with abiotic stresses due to the combination of temperatures with wide variations and lower 

precipitation. 

The metabolomic profiles of the maize genotypes grown under related effects of climate 

change obtained through this research represent useful reference information to evaluate 

possible ways to counteract abiotic stresses (water deficit and heat stress) in native maize 

genotypes. In addition, important metabolites were identified in the different native 

genotypes of maize under heat, water deficit stress, and the combination of these factors. 

However, the review of the state of the art indicates that the metabolic profile of native 

Mexican maize has not been well studied and may be the key to understanding how to deal 

with the negative effect of climate change on this crop. 

The results of the experiment of the milpa system in full growth and development cycle 

indicate that the warming considerably delayed the parameters of grain yield of the crops. 

Despite this, the milpa from the Huasteca was the least affected by the induced warming, the 

fruit yield of the squash was the most affected, and the bean grain the least. 

The induced warming affected the chlorophyll fluorescence and gas exchange differently for 

each crop. However, in the early stage (45 days after emergence), Fv/Fm and qN were 

reduced for bean and maize, while in the reproductive stage (75 days after emergence), they 

were Fv/Fm, qP, and qN for maize; stomatal conductance and squash transpiration rate 

improved under the effect of induced warming. 

We concluded that maize genotypes can be affected differently by the increase in temperature 

due to climate change and that their tolerance represents an opportunity for improvement of 

production systems. Likewise, the increase in temperature has adverse effects on the 

physiology of the crops that make up the milpa system; it accelerates growth but reduces 

grain yield, although each crop (maize, bean and squash) has differentiated responses. 

The graphical abstract resume the methodology and results of this research. 

Keywords: abiotic stress, heat, water deficit stress, omics, climate.  
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Graphical abstract 

 

 

T°: temperature, WS: water stress; OTC: Open top chamber; PCA: Principal component 

analysis.  
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Resumen 

El maíz (Zea mays L.) es el cultivo más importante de México, se cultiva en climas diversos 

y se intercala con otros cultivos, principalmente frijol (Phaseolus spp. o Vigna unguiculata 

(L) Walp) y calabaza (Cucurbita spp.). Sin embargo, es muy probable que el aumento de las 

temperaturas y el déficit de agua, previstas como resultado del cambio climático, tengan un 

fuerte impacto en el maíz y en su sistema milpa.  

El objetivo general de esta investigación fue determinar los parámetros fisiológicos, 

metabolómicos, fotosintéticos y de rendimiento de genotipos criollos (nativos) de maíz 

procedentes de tres regiones agroclimáticas de San Luis Potosí (SLP), México, y su sistema 

de intercalación (milpa) bajo los efectos relacionados con cambio climático.  

Para ello, se consideraron cinco objetivos específicos: 1) evaluar la germinación y el 

crecimiento inicial de genotipos criollos de maíz procedentes de diferentes regiones 

agroclimáticas a diferentes temperaturas y niveles de estrés hídrico en condiciones de 

laboratorio; 2) proporcionar una referencia para la investigación sobre el mecanismo 

antiestrés del maíz con un enfoque especial en el maíz nativo mexicano, generando 

estrategias y futuras perspectivas para la protección del maíz nativo por su importancia para 

los campesinos mexicanos y el impacto negativo del cambio climático en el cultivo; 3) 

determinar los perfiles metabolómicos de plántulas de maíz nativas de climas cálido-seco, 

templado y cálido y húmedo del estado de SLP cultivadas en ambientes controlados 

relacionados con efectos del cambio climático (aumento de temperatura y déficit de 

humedad) por técnicas de cromatografía de gases/espectrometría de masas (CG/EM); 4) 

evaluar la emergencia, crecimiento y parámetros fotosintéticos de plantas jóvenes de 

genotipos de maíz nativos procedentes de diferentes climas bajo efecto del calentamiento 

pasivo inducido; 5) determinar el efecto de un aumento de la temperatura en los parámetros 

fisiológicos, fotosintéticos y de rendimiento de tres sistemas de milpa procedentes de 

diferentes climas del estado de SLP. 

Nuestra hipótesis fue que los genotipos nativos de maíz y su sistema de intercalación (milpa), 

adaptados a condiciones locales específicas, responderán en dependencia de las 

características climáticas de sus orígenes a efectos relacionados con el cambio climático, lo 

que se evidenciará en sus perfiles metabolómicos, germinación, emergencia, crecimiento 

inicial, rendimiento de grano y parámetros fotosintéticos.  

Se evaluaron genotipos de maíz (y sus cultivos intercalados, frijol y calabaza) procedentes 

de tres regiones agroecológicas del estado de SLP llamadas Altiplano (cálido-seco), Media 

(templado) y Huasteca (cálido y húmedo).  
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En laboratorio se evaluó la germinación y crecimiento inicial y el perfil metabolómico de 

genotipos de maíz (correspondiente a la etapa V2 (visible el cuello de la segunda hoja)) en 

diferentes temperaturas y potenciales de agua.  

Con el uso de OTC, en campo, se evaluaron la emergencia de plantas jóvenes de maíz 

(correspondiente a la etapa de crecimiento entre V9 y V12) y sus parámetros de crecimiento 

y fotosintéticos. Se desarrollaron OTC para evaluar el ciclo completo de milpas constituidas 

por genotipos de maíz, frijol y calabaza procedentes de las tres regiones agroecológicas 

señaladas. Además, se elaboró una revisión del estado del conocimiento de los perfiles 

metabolómicos de las plántulas de maíz bajo estreses abióticos (altas temperaturas, déficit de 

agua y la combinación de ambos) con especial atención al maíz nativo mexicano. 

La germinación y el crecimiento inicial de genotipos criollos (nativos) de maíz provenientes 

de diferentes regiones agroclimáticas fueron drásticamente afectados por el aumento de la 

temperatura y por el déficit hídrico, siendo los cultivares de Huasteca los más afectados y los 

de Media y Altiplano los menos afectados.  

El perfil metabólico no modificado, mediante cromatografía de gases/espectrometría de 

masas, en combinación con el análisis de datos multivariables, proporcionaron una 

diferenciación molecular de los genotipos nativos de maíz de ambientes cálido-seco 

(Altiplano), templado (Media) y cálido-húmedo (Huasteca).  

La emergencia de las plantas jóvenes de los genotipos de maíz fue afectada negativamente 

por el aumento de la temperatura y también alteró la disipación fotoquímica. El crecimiento 

de las plantas jóvenes de genotipos de maíz se benefició del aumento de la temperatura y se 

aceleró.  

El crecimiento y el desarrollo del maíz, el frijol y la calabaza en los sistemas milpa aumentó 

bajo el efecto del calentamiento inducido. Además, las milpas de la Huasteca (región más 

cálida) fueron las menos afectadas por el calor pasivo inducido. En cambio, el calentamiento 

redujo los parámetros de rendimiento de granos de los cultivos, con mayor medida en la 

calabaza y en menor medida el frijol. 

El calentamiento inducido alteró los parámetros de fluorescencia de la clorofila y de 

intercambio de gases de manera diferente para cada cultivo. Sin embargo, en la etapa 

temprana (45 días después de la emergencia), se redujeron la eficiencia máxima del 

fotosistema II (Fv/Fm) y la disipación no fotoquímica (qN) del frijol y maíz, mientras que en 

la etapa reproductiva (75 días después de la emergencia), fueron Fv/Fm, qN, y la disipación 

fotoquímica (qP) para el maíz; la conductancia estomática y la tasa de transpiración de las 

plantas de calabaza mejoraron bajo el efecto del calentamiento.  

Los resultados permiten establecer lo siguiente. 
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Los genotipos de maíz de la región con mayor temperatura media anual y precipitación 

(Huasteca) fueron los más afectados en la germinación y crecimiento inicial [condiciones de 

laboratorio y etapa temprana (condiciones de campo de plantas jóvenes)] y esto se asocia a 

las adaptaciones a las condiciones locales de su material genético con menos condiciones de 

estrés en comparación con los materiales del Altiplano y Media, regiones de condiciones 

desfavorables asociadas a tensiones abióticas debidas a la combinación de temperaturas con 

variaciones amplias y precipitaciones inferiores. 

Los perfiles de metabolitos de los genotipos bajo los efectos relacionados con cambio 

climático obtenidos con esta investigación representan información de referencia útil para 

evaluar las posibles formas de contrarrestar los estreses abióticos (déficit de humedad y calor) 

en genotipos nativos de maíz. Además, se identificaron importantes metabolitos en los 

diferentes genotipos nativos de maíz bajo calor, estrés hídrico y la combinación de estos 

factores. No obstante, la revisión del estado del arte indica que el perfil metabolómico del 

maíz nativo mexicano no ha sido bien estudiado y puede ser la clave para entender cómo 

enfrentar el efecto negativo del cambio climático en este cultivo.  

Los resultados del experimento del sistema milpa en ciclo completo de crecimiento y 

desarrollo señalan que el calentamiento retrasó considerablemente los parámetros de 

rendimiento de granos de los cultivos. Pese a ello, la milpa procedente de la Huasteca fue la 

menos afectada por el calentamiento inducido, el rendimiento de frutos de la calabaza fue el 

más afectado y el de grano del frijol el menos afectado.  

El calentamiento inducido afectó la fluorescencia de la clorofila y el intercambio de gases de 

manera diferente para cada cultivo. Sin embargo, en la etapa temprana (45 días después de 

la emergencia), se redujeron Fv/Fm y qN para frijol y maíz, mientras que en la etapa 

reproductiva (75 días después de la emergencia), fueron Fv/Fm, qP, y qN para el maíz; la 

conductancia estomática y la tasa de transpiración de calabaza mejoraron bajo el efecto del 

calentamiento inducido. 

Se concluye que los genotipos de maíz pueden ser afectados de manera diferencial por el 

aumento de temperatura debido al cambio climático y que su tolerancia representa 

oportunidades de mejoramiento de los sistemas de producción. Asimismo, el aumento de 

temperatura tiene efectos adversos en la fisiología de los cultivos que componen el sistema 

milpa, acelera el crecimiento, pero reduce el rendimiento de granos, aunque cada cultivo 

(maíz, frijol o calabaza) tienen respuestas diferenciadas.  

El “graphical abstract” resume la metodología y los resultados de esta investigación. 

Palabras claves: estrés abiótico, calor, déficit de agua, ciencia ómica, clima. 
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Introduction 

Maize (Zea mays L.) is among the most commonly cultivated grain crops and also an 

important part of livestock and poultry industry across the world (Tanumihardjo et al., 2020). 

In Mexico and Central America, where it is a staple food, the crop is especially important. 

Maize was domesticated for first time in South West Mexico between 6,000 and 10,000 years 

ago, and it is currently one of the most diversified crop species on the planet (Piperno et al., 

2009). Maize is grown in a wide range of habitats in Mexico, from sea level to more than 

3000 meters above sea level, and from tropical humid surroundings to semi-desert conditions. 

Over 2.5 million Mexican farmers cultivate roughly 8 million hectares of land each year, 

with over 75% of the seed stored from past harvests. Maize landraces or natives genotypes 

comprise at least one half of the seed cultivated each year in Mexico (Eakin et al., 2014; Zhao 

et al., 2006).  

According to Goritschnig (2020), maize is one of the most widely cultivated crops in the 

world, produced on almost 200 million hectares in practically all countries of the world. 

Maize has traditionally been intercropped with numerous other species in Mesoamerica 

(from southern Mexico to Costa Rica ), its center of origin and diversity, in what is known 

as the "milpa" or "three sisters" system. Maize is usually intercropped with common beans 

(Phaseolus spp.) and squashes in the milpa (Cucurbita spp.) (Benz, 2001; Hart, 2008; Kistler 

et al., 2018). Farmers across Mesoamerica are still growing maize in milpa systems in a 

variety of agro-ecosystems, from desert and semiarid zones to temperate highlands and 

tropical lowlands. Maize can be intercropped with a variety of plants, including faba beans 

(Vicia faba), peppers (Capsicum spp.), tomato (Solanum lycopersicum), potato (Solanum 

tuberosum), and amaranth (Amaranthus spp. ), as well as wild leafy species utilized for food 

or medicinal uses (de Tapia et al., 2014). Climate, soil type, topography, natural vegetation, 

traditional knowledge, culture, and diets all play a role in the degree of variance in milpa 

systems (Lopez-Ridaura et al., 2021). Milpa cultivated under somewhat regulated settings 

have been demonstrated to be an efficient conventional cropping system in studies of overall 

production. Niche complementarity, competition, and facilitation among species all 

contribute to overall effectiveness in milpa systems (Ebel et al., 2017; Pleasant and Burt, 

2010; Vandermeer, 1989). 

Climate change is one of the most pressing issues facing the globe today. Significant 

fluctuations in the average values of meteorological parameters such as precipitation and 

temperature, for which averages have been estimated over a lengthy period, are defined as 

extreme weather (Malhi et al., 2021; Maunder, 2012). According to Mendelsohn (2008); 

agriculture is the most vulnerable sector to climate change due to its enormous size and 

susceptibility to weather variables, resulting in massive economic consequences. Changes in 

climatic events such as temperature and rainfall have a substantial impact on crop 

productivity. Temperature rises and precipitation changes have different effects depending 

on the crop, location, and magnitude of change in the factors. The rising temperatures reduces 
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grain yield, while rising precipitation is likely to offset or reduce the impact of rising 

temperatures (Adams et al., 1998). 

Effect of climate change on maize germination, emergence and initial growth 

In Mexico, climate change can cause an increment of the average annual temperature from 1 

to 4°C and changes in the average yearly precipitation from 0.4 to 1.4 times during the present 

century, in function of the scenario of the population growth (Allen et al., 2014). Climate 

change is a change in the state of the climate that can be identified (e.g. using statistical tests) 

by changes in the mean and/or the variability of its properties and that persists for an extended 

period, typically decades or longer. It refers to any change in climate over time, whether due 

to natural variability or as a result of human activity (Stocker, 2014).  

Temperature and water supply are critical drivers for seed (initiation, break) and germination. 

Hence, global climate change is altering these environmental cues and will preclude, delay, 

or enhance the regeneration of seeds, as already documented in some cases. Along with 

compromised seedling emergence and vigor, shifts in germination phenology will influence 

population dynamics, and thus, species composition and diversity of communities (Walck et 

al., 2011). A scenario of rising temperatures, declining rainfall, increase in extreme weather 

events, and shifting pest and disease patterns will lead to more short-term crop failures and 

long-term production declines (Chauhan et al., 2014; Kang and Banga, 2013). The increase 

in temperature and the intensification of due to the consequence of climate change have 

brought negative effects in ecophysiological processes such as germination and 

establishment of seedlings (Aragón‐Gastélum et al., 2017; Walck et al., 2011). Recent 

evidence shows that maize is relatively more sensitive to high temperature and water deficit 

stress during sensitive stages of gametogenesis, flowering, and early grain filling stages of 

crop development (Prasad et al., 2019). Water deficit stress reduced the rate of seed 

germination in maize crops (Anjorin et al., 2017); heat stress slows maize growth; 

germination and seedling emergence are particularly vulnerable (Farooq et al., 2009). In 

addition, in maize development, the seedling stage is widely regarded as the most vulnerable 

to water deficit stress (Li et al., 2015). 

For seed germination and seedling establishment to physiological maturity, the right planting 

date is critical. Heat stress during germination is linked to a lower plant stand and density, as 

well as an impeded emergency (Buriro et al., 2011). Fluctuations in mean daily temperature 

(either it is maximum or minimum) disturb seed germination ability (Bewley and Black, 

2013). The main cause of low plant yield owing to poor germination is high-temperature 

stress. According to Essemine et al. (2010); Joshi et al. (2007) and Nejad et al. (2017) the 

effects of high temperatures on several developmental stages, particularly seedling 

emergence in different crop genotypes and seedling establishing stages, rapid growth periods 

are all critical stress periods in maize. It has been demonstrated that when stress is applied to 
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a maize plant, not only is the leaf area lowered, but also the growth rate and the emergence 

of each leaf is delayed. 

Maize metabolomics under abiotic stress (heat and water deficit stress) 

Genetic variability of maize is a resource for the world’s population, and can be the basis for 

achieving food sovereignty in Mexico, especially to face the related effect of climate change 

(Preciado Ortiz and Montes Hernandez, 2011) . This due to in México, there are 59-64 local 

varieties which are fundamental for future genetic improvement efforts that could generate 

new, environmentally resilient varieties. However, maize is highly sensitive to environmental 

deficiencies such as the availability of water, salinity, which combined with the perceived 

temperature as stress represent limitations of the environment for this crop (Cramer et al., 

2011; Kato et al., 2009). 

Maize yield is frequently limited when suffered from the individual or the combined abiotic 

stresses and is expected to get worst in future climates. Increases in frequency and magnitude 

of water deficit stress and heat stresses are the prime abiotic constraints that cause 

considerable adverse effects on maize production (Hatfield et al., 2011; Lesk et al., 2016; Liu 

et al., 2020b; Liu et al., 2020c; van der Velde et al., 2010). As the climate continues to change 

drastically, it may be more difficult to obtain enough yields. Therefore, the continuing 

challenges of environmental stresses such as water deficit stress, extreme temperatures, frost 

and heavy metal pollution must be taken into account to increase maize production and to do 

sustainable maize production systems (Feng et al., 2020). 

The water deficit response of maize from metabolomics methods have been studied in seeds, 

leaves and roots where most of the proteins detected are assigned to energy and carbohydrate 

metabolic processes (Benevenuto et al., 2017). In the xylem sap of maize, Alvarez et al. 

(2008) found changes in the hormone abscisic acid and cytokinin, also the presence of high 

concentrations of the aromatic cytokinin 6-benzylaminopurine, and several phenylpropanoid 

compounds as coumaric, caffeic and ferulic acids. In maize hybrid, Witt et al. (2012) found 

an increase in metabolite levels under water deficit stress, including changes in amino acids, 

sugars, sugar alcohols, and intermediates of the tricarboxylic acid (TCA) cycle. Also, water 

deficit stress induced an accumulation of simple sugars and polyunsaturated fatty acids and 

a decrease in amines, polyamines, dipeptides, sphingolipid, sterol, phenylpropanoid and 

dipeptide metabolites. In kernels of maize, water deficit stress resulted in the greater 

accumulation of reactive oxygen species (ROS) (Yang et al., 2018).  

For heat stress, protein processing in endoplasmic reticulum pathways plays a central role. 

Elevated respiration, reduced photosynthetic rates, altered timing of the circadian clock, 

induction of protein unfolding, aggregation and degradation, loss of membrane integrity and 

acceleration of senescence are one of the consequences of heat stress effect on maize. When 

maize is exposed to high temperatures, the genes related to protein processing in endoplasmic 
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reticulum pathway was significantly enriched, which mainly induce heat shock proteins 

expression. Those heat shock proteins were targets genes of heat stress responsive 

transcription factors, which participate in regulation when heat stress occurs (Hemantaranjan 

et al., 2014; Qian et al., 2019).  

Plants respond to stress with a wide range of modifications that cause to changes at the 

morphological, cellular, physiological, biochemical, and molecular levels (Aprile et al., 

2013; Lopes and Reynolds, 2010). Overall, protein phosphorylation plays a critical role in 

regulating many biological functions, including stress responses by signal transduction. 

Phosphorylation and dephosphorylation can switch many regulatory proteins and enzymes 

on and off, thus control a wide range of cellular processes and signal relays (Yang et al., 

2010). On the other hand, (Hu et al., 2015) reported five kinases and three phosphatases under 

heat stress, three kinases and two phosphatases under water deficit stress, and three kinases 

and three phosphatases under combined heat and water deficit stress. 

Maize the most important crop in Mexico: intercropping system (milpa) and climate 

change 

The importance of maize in Mexico is summarized with the following expression in Spanish 

“Sin Maíz, no hay país” translated as “without maize, there is no country” mentioned by 

(Cuellar, 2010; Esteva and Marielle, 2003; Florescano, 1986; Hellin et al., 2013; Richard, 

2012; Wallenius and Concheiro Bórquez, 2016). Mexico is the country with the greatest 

genetic diversity of maize in the world and is a genuine global reference for this grain. Since 

its domestication about 10,000 years ago in the middle of the Neovolcanic Axis, this 

grassland has an extraordinary cultural and productive value that constitutes an enormous 

responsibility, in the historical, geographical and in the field of research, to achieve better 

results and yields by taking care of soil and water and ensuring sustainable systems to ensure 

food capacity in general, and to achieve, in particular, self-sufficiency standards.  

In México, the expected climate change, according to climate change scenarios will cause an 

increase of the temperature trends up to 2.0°C at mid-century (Qin et al., 2014). However 

according to a recent study in United States, Central America and the Caribbean, the mean 

annual temperature and precipitation with biases between −0.93 and 1.27 °C and −37.90 to 

58.45%, respectively, for most of the region. In addition the annual precipitations will 

decrease by 10-40% over Central America and the Caribbean, especially over the monsoon 

region (Almazroui et al., 2021). The global climate will experience continued warming 

caused by past anthropogenic emissions as well as from additional future anthropogenic 

emissions and México is one of the area which will likely become drier (Maliva, 2021; 

Ramirez-Cabral et al., 2017).  

The negative impact of the related effects of climate change on maize in México has been 

studied (Aguirre-Liguori et al., 2019; Dendooven et al., 2012; Díaz-Álvarez et al., 2020; 
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Diédhiou et al., 2021; Donatti et al., 2019; Eakin, 2000; Mercer et al., 2012; Ramirez-Cabral 

et al., 2017; Smale et al., 2001). Heat and water deficit stress have been also related to the 

effects of climate change in Mexico and will affect negatively maize germination (Castro-

Nava et al., 2012; Reddy and Kakani, 2007), seedlings (Lizárraga-Paulín et al., 2011), growth 

and reproduction (Alam et al., 2017; Castro-Nava et al., 2012) and grain yield (Green et al., 

2020; Ramirez-Cabral et al., 2017). A reduction in grain yield from 55 to 75% were reported 

under water deficit stress, also combined water deficit and heat stress significantly reduced 

the average number of days to anthesis and plant height of Mexican maize(Cairns et al., 

2013). However, taking into account the potential of the Mexican territory with various 

climates in states such as SLP, the related effects of climate change have not been well 

studied, from maize germination to grain yield and his intercropped system.  

Mexican farmers cultivate maize on rainfed fields on plots smaller than 5 ha, some of these 

farmers still grow their crop in a traditional system called “Milpa” in which several species 

or crops as bean (Phaseolus vulgaris L. and Vigna unguiculata (L) Walp.) and squash 

(Cucurbita spp) grow simultaneously (Heindorf et al., 2019; Mercer et al., 2012; Pérez-

Hernández et al., 2021a). Indigenous peoples in Mesoamerica, particularly in the humid and 

temperate mountains, continue to rely on this system for subsistence (Boege, 2008; Toledo 

and Barrera-Bassols, 2008). 

According to Kahneman (2011); Rogé et al. (2013) and Wilken (1990) smallholders adapt to 

climate variability through continuous crop management adaptation based on their personal 

experience and historical background. Their adaptive capacity is determined by a complex 

interaction of socioeconomic, cultural, and political factors, existing infrastructure, and 

climate change experience (Adger et al., 2009). For example, for centuries, milpa farming 

has been a sustainable and reliable source of food and livelihood for Maya milpa 

communities in southern Belize as farmers allow areas to regenerate to a mosaic of forest 

succession stages and crop diversity (Altieri and Toledo, 2011; Benıtez et al., 2014; Ford and 

Nigh, 2016).  

However, due to climatic changes (i.e., droughts and water deficit, flooding, hurricanes, and 

temperature increases), forest loss, pests and crop diseases, soil degradation, as well as social 

factors such as poverty, population growth, land tenure, marginalization, and other factors, 

milpa farming or farmers has become less reliable and sustainable in the last 50 years. In 

addition, milpa farmers depend upon the ecosystem for their basic needs, whole communities 

are impacted from system change; thus, there are implications for community food and 

livelihood insecurity from climate change impacts (Drexler, 2020, 2021; Lozada, 2014). The 

impacts of climate change are expected to threaten the sustainability of social, economic, and 

ecological systems in the world. These farmers are the ones preserving maize diversity in situ 

and it should be made possible for them to attain enough yields from native maize varieties 

or genotypes. For that, it is important to better understand the mechanisms of maize under 

abiotic stress with the use of the new era omics sciences such as metabolomics with have 
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good advantages to bring researchers news perspectives to face the negative effects of climate 

change on Mexican native maize and his intercropping system called milpa.  

Justification 

It is proposed that the temperature values in S.L.P. will increase from 0.75 to 1.00°C in the 

short term (2010-2040) and from 2.75 to 3.00°C in the long term (2070-2100) (Medellín-

Milan et al., 2006; Ávalos Lozano et al., 2017). Also, the variation in the quantity of rain 

received in a month through the successive years is very big. Siller et al. (2009) and Jiménez 

and Mendoza (2019) have also indicated the presence of water deficit stress in the state of 

SLP. It is probable that such an increase in temperature promotes, or associate with a decrease 

in the quantity of rain, will impact in the availability of water in soil and it will generate 

modifications like changes in the agricultural calendar, phenological alterations, and decrease 

of yields. For example, it has been documented in Sinaloa in crop production of maize, bean 

(Phaseolus vulgaris), potato (Solanum tuberosum), red tomato (Solanum lycopersicum) 

among other affected by climatic variations (Ojeda-Bustamante et al., 2011). In the state of 

S.L.P. nearly 14,000 ha of maize are cultivated annually, of which a high proportion, around 

80%, is cultivated under dry farming conditions also called rainfed agriculture (SIAP, 2017). 

Hence, the production of maize depends on the tolerance from the adapted genotypes of 

maize to variable and extreme conditions due to the climate characteristics. This fact can 

mean the existence of highly adaptable creole genotypes of maize to adverse environmental 

conditions, what means an opportunity of use of such phylogenetic resources. Most of the 

areas cultivated with milpa systems in Mexico and in S.L.P. in particular are facing critical 

conditions related to the effect of climate change, such as an increase in temperature. 

The study of the results of creole genotypes of maize coming from different agroclimatic 

regions can help to determine and understand how the species of maize adapt to 

environmental conditions they face during their development and establishment, which is 

necessary to predict some of the effects related to climate change (Dávila et al., 2013). Also, 

the abundance of the breed and/or creole genotypes of maize and their adaptations to diverse 

environmental conditions could represent alternatives to cultivate in scenarios that are poised 

to occur due to effects related to climate change. 

Furthermore, the use of plant metabolomics can further provide information on the response 

of maize and other crop species to abiotic stress. Also taking account that in México maize 

is the most important crop with several races. The progress of metabolomics research on 

maize responses to abiotic stresses such as heat, water deficit, and combined heat/water 

deficit stress can help to understand how each genotype and/or race of maize responds under 

stress conditions.  

In addition, the need to understand the mechanism of defense of plants with the use of 

metabolomics as a newly developed discipline in which it is intended to address the unbiased 

study of all metabolites present in a tissue, organ or organism at a particular point in its 

development or under particular environmental conditions, thus enabling the assessment of 
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the contribution of genetic and/or environmental factors to the modification of metabolism 

(Fiehn, 2001). 

Hypothesis  

When native genotypes of maize and his intercropping system (milpa) suited to specific local 

conditions are subjected to relevant effects of climate change, their metabolomics profiles, 

germination, emergence, initial growth and development, grain yield, and photosynthetic 

parameters respond differently according to their region of origin. 

General Objective 

To determine the physiological, metabolomic profiles, grain yield, and photosynthetic 

parameters of native genotypes of maize from three agroclimatic regions of San Luis Potosí 

and their intercropping system (milpa) under the related effect of climate change. 

Specific objectives 

1. To evaluate the germination and initial growth of creole genotypes of maize coming 

from different agroclimatic regions at different temperatures and levels of water 

deficit stress under laboratory conditions. 

2. To provide a reference for research on the antistress mechanism of maize with a 

special focus on Mexican native maize, loading for strategies and future perspectives 

for the protection of native maize for its importance to Mexican smallholders 

"campesinos" and the negative impact of the related effect of climate change on the 

crop. 

3. To determine the metabolomic profiles of native maize seedlings from warm-dry, 

temperate, and hot and humid climates of the state of San Luis Potosí (Mexico) grown 

in controlled environments related to some effects of climate change (temperature 

increase and water deficit stress) by gas chromatography/mass spectrometry 

(GC/MS) techniques. 

4. To evaluate the emergence, initial growth and photosynthetic parameters of native 

maize genotypes coming from different climates and/or agro-ecological zones to the 

effect of induced passive heat. 

5. To determine the effect of an increase in temperature on physiology, photosynthetic, 

and grain yield of three milpa systems from different climates of SLP. 
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Thesis structure 

This thesis is divided into six chapters. Firstly, the state of San Luis Potosí (Mexico) was 

divided into three agro-ecological regions named Altiplano (warm-dry), Media (template) 

and Huasteca (hot and humid) climates. In each region, collected crops were used to 

determine our objectives. In Chapter I, germination and initial growth of maize native 

genotypes were experimented under heat and water deficit stress related to the effects of 

climate change in the state. The second chapter is a review of the literature on the 

metabolomics of maize plants under heat and water deficit stress, which is also an important 

focus for Mexico's most important crop under climate change. In Chapter III, the 

metabolomics of maize genotypes grown under the related effects of climate change were 

determined. In Chapter IV, the effect of induced passive heat on maize seedlings' growth, 

and photosynthetical capacity was related. In Chapter V, an experimental model with the use 

of an open top chamber in a management system of maize intercropped with bean and squash 

was stated, and from an early stage to grain yield, the physiological, photosynthetic, and yield 

parameters of the milpa system were determined under a warming effect. Finally, Chapter 

VI was exclusively dedicated to build a solid discussion, recommendations, constraints and 

future prospects of the study. 
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Chapter I: Effects of different temperatures and water stress on germination and initial 

growth of creole genotypes of maize from three different agroclimatic regions of San 

Luis Potosí (México) 
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Table 1. Denomination of evaluated genotypes, climatic characteristics and futures 

scenarios of temperature based on the mean annual temperatures (M.A.T.) of the three 

regions from the state of San Luis Potosí, México. 
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Figure  1. Horizontal distribution of (a) field elevation, (b) annual mean temperature, (c) annual 

mean precipitation, (d) annual mean evaporation of the three agroclimatics regions of the state 

of San Luis Potosí. Adapted from Noyola-Medrano et al. (2009b).  
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Table 2. Mean squares (MS) from the analysis of variance of the percentage of 

germination (PG) and the mean germination time (MGT) of creole genotypes of maize 

from the state of San Luis Potosi at 15 days after sowing. 
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Figure  2. Effect of different water potentials (0, -0.5, -1 and -1.5 MPa) and temperatures 

(20, 25, 30 and 35 °C) in the percentage of germination (PG) of creole genotypes of 

maize from different regions of the state of San Luis Potosi. A: Altiplano, M: Media, H: 

Huasteca. The vertical bars indicate the standard error (n=4). 
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Figure  3. Effect of different water potentials (0, -0.5, -1 and -1.5 MPa) and temperatures 

(20, 25, 30 and 35 °C) in the mean germination time (MGT) of the creole genotypes of 

maize from different regions of the state of San Luis Potosi. A: Altiplano; M: Media, H: 

Huasteca. MGT at 20 ºC in d) did not exist because the creole genotypes did not 

germinate at this temperature and water potential (-1.5 MPa). Vertical bars show the 

standard error (n=4).  
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Table 3. Means squares (MS) from the analysis of variance of the growth variables of 

the creole genotypes of maize from the state of San Luis Potosi at 16 days after 

germination. 
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Figure 4. Effect of different water potentials (0 and -0.5 MPa) and temperatures (20, 

25, 30 and 35 °C) on the rate growth (RG) of creole genotypes of maize from different 

regions of the state of San Luis Potosí. A: Altiplano; M: Media, H: Huasteca. Vertical 

bars indicate the standard error (n= 15). 
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Figure 5. Effect of different water potentials (0 and -0.5 MPa) and temperatures (20, 

25, 30 and 35 °C) on the root length (RL) of creole genotypes of maize from different 

regions of the state of San Luis Potosí. A: Altiplano; M: Media, H: Huasteca. Vertical 

bars indicate the standard error (n= 15). 
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Figure 6. Effect of different water potentials (0 and -0.5 MPa) and temperatures (20, 

25, 30 and 35 °C) on dry weight of shoots (DWS) of creole genotypes of maize from 

different regions of the state of San Luis Potosí. A: Altiplano; M: Media, H: Huasteca. 

Vertical bars indicate the standard error (n= 15). 

 

 

Figure 7. Effect of different water potentials (0 and -0.5 MPa) and temperatures (20, 

25, 30 and 35 °C) on dry weight of roots (DWR) of creole genotypes of maize from 

different regions of the state of San Luis Potosí. A: Altiplano; M: Media, H: Huasteca. 

Vertical bars indicate the standard error (n= 15). 
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Abstract 

Changing climatic scenarios affect plant growth and consequences are more malicious in 

water deficit stress, heat and combined heat and water deficit conditions. Maize is one of the 

crops most important in worldwide and the most important in México which is the center of 

domestication of this crop. In this review, the importance of maize in Mexico was targeted, 

technologies applied for the metabolomic study, the metabolomic profile in single stress of 

heat, water deficit and their combination heat and water deficit were also summarized. A 

special issue was done for the Mexican native maize. We discuss the status of metabolomics 

profiles in maize in response to abiotic stresses such as water deficit, heat, and their 

combination, analyze the challenges and opportunities. Furthermore, the notable metabolites 

detected in response to different stresses are summarized to provide a reference for 

applications of metabolomics in Mexican maize research. We conclude that the 

metabolomics profile of Mexican native maize has not been well studied and can be the key 

to understand how to face the negative effects of climate change for smallholders.  
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Introduction 

Maize (Zea mays L.) originated in the highlands of Mexico approximately 8700 years ago 

and is one of the most commonly grown cereal crops worldwide, followed by wheat and rice. 

Is one of the four most important crops in the world and the most important in Mexico due 

to its cultural, socio-economic influence, culinary attribute and its primary role in food 

security among others. Also maize is Mexico's staple food crop, thus, decrements in national 

production would strongly compromise food security in the country without forgetting that 

Mexico is the center of origin and diversity of this crop (Gong et al., 2014; Hellin et al., 2014; 

Hermann et al., 2009; Li et al., 2011; Mauricio et al., 2011; Mercer and Perales, 2010; 

Msowoya et al., 2016; Thornton, 2003).  

Genetic variability of maize is a resource for the world’s population, and can be the basis for 

achieving food sovereignty in Mexico, especially to face the related effect of climate change 

(Preciado Ortiz and Montes Hernandez). This due to in México, there are 59-64 local 

varieties which are fundamental for future genetic improvement efforts that could generate 

new, environmentally resilient varieties. However, maize is highly sensitive to environmental 

deficiencies such as the availability of water, salinity, which combined with the perceived 

temperature as stress represent limitations of the environment for this crop (Cramer et al., 

2011; Kato et al., 2009). 

Maize yield is frequently limited when suffered from the individual or the combined abiotic 

stresses in future climates. Increases in frequency and magnitude of water deficit and heat 

stresses are the prime abiotic constraints that cause considerable adverse effects on maize 

production (Hatfield et al., 2011; Lesk et al., 2016; Liu et al., 2020b; Liu et al., 2020c; van 

der Velde et al., 2010). As the climate continues to change drastically, it may be more difficult 

to obtain enough yields. Therefore, the continuing challenges of environmental stresses such 

as water deficit, extreme temperatures, frost and heavy metal pollution must be taken into 

account to increase maize production (Feng et al., 2020). 

Abiotic stress is one of the most challenging of all major constraints on crop production and 

is directly related to changes in various cellular metabolic pathways(Chebrolu et al., 2016; 

Clarke et al., 2013; Maharajan et al., 2021; Zulfiqar et al., 2020). Maize production is often 

affected by abiotic stress, for example a recent study predicted that the temperature increase 

and changes in precipitations related to the effect of climate change will have negative impact 

on Mexican maize yield (Ureta et al., 2020). According to Manavalan et al. (2009) studying 

plant traits related to abiotic stress is difficult and complicated because under field conditions, 

crops are often subjected to multiple stresses that can cause various plants responses that may 
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be additive, synergistic or antagonistic (Meena et al., 2017; Prasch and Sonnewald, 2015; 

Zhang et al., 2012). 

Plants recurrently survive up with the rapid variations and adversity of environmental 

conditions because of their intrinsic metabolic capabilities (Manova and Gruszka, 2015; 

Rawat et al., 2020; Sheth and Thaker, 2014; Wiszniewska, 2021). Variations in the outside 

environment could put the plant metabolism out of homeostasis (Hatami et al., 2021; Lan et 

al., 2011), and generate necessity for the plant to harbor some advanced genetic and 

metabolic mechanisms within its cellular system (Apel and Hirt, 2004; Gill and Tuteja, 

2010). Plants possess an array of protective mechanisms acquired during the course of 

evolution to combat adverse environmental circumstances (Crandall et al., 2020; Fraire-

Velázquez et al., 2011; Yolcu et al., 2016). Such mechanisms cause metabolic 

reprogramming in the cells to assist routine biophysico-chemical processes irrespective of 

the external situations. That mean plants respond to abiotic stresses and adaptation processes 

at the molecular, cellular, physiological and biochemical levels (Kitazaki et al., 2018; Massad 

et al., 2012; Wang et al., 2018). For example according to Yamaguchi-Shinozaki and 

Shinozaki (2006) at molecular level; plants respond to stress through changes in gene 

expression, protein abundance, and accumulation of metabolites. In this sense, proteomics, 

ionomics, transcriptomics and metabolomics are extensively used to reveal these responses 

(Nguyen et al., 2020; Obata and Fernie, 2012; Sanchez et al., 2008; Singh et al., 2016; Wei 

et al., 2021). 

In the particular case of maize crop, their metabolomics response to abiotic stress were 

studied in different conditions as heat (Christensen et al., 2021; Dong et al., 2021; Qi et al., 

2017; Sivaram et al., 2019), water stress (Benešová et al., 2012; Benevenuto et al., 2017; Hu 

et al., 2011; Hu et al., 2012; Huang et al., 2012; Naveed et al., 2014), combined heat and 

drought (Georgii et al., 2017; Gong et al., 2014; Obata et al., 2015). For example, drought 

affects many processes involved in plant growth and development, including antioxidant 

capabilities, osmotic adjustment, photosynthetic rate reduction and abscisic acid 

accumulation. These processes are controlled by many proteins(Desoky et al., 2021). 

The drought response of maize from metabolomics methods have been studied in seeds, 

leaves and roots where most of the proteins detected are assigned to energy and carbohydrate 

metabolic processes (Benevenuto et al., 2017). In the xylem sap of maize, Alvarez et al. 

(2008) found changes in the hormone abscisic acid and cytokinin, also the presence of high 

concentrations of the aromatic cytokinin 6-benzylaminopurine, and several phenylpropanoid 

compounds as coumaric, caffeic and ferulic acids. In maize hybrid, Witt et al. (2012) found 

an increase in metabolite levels under drought stress, including changes in amino acids, 

sugars, sugar alcohols, and intermediates of the tricarboxylic acid (TCA) cycle. Also induced 

an accumulation of simple sugars and polyunsaturated fatty acids and a decrease in amines, 

polyamines, dipeptides, sphingolipid, sterol, phenylpropanoid and dipeptide metabolites. In 
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Kernels of maize, drought stress resulted in the greater accumulation of reactive oxygen 

species (ROS) and aflatoxin (Yang et al., 2018).  

For heat stress, protein processing in endoplasmic reticulum pathways plays a central role. 

Elevated respiration, reduced photosynthetic rates, altered timing of the circadian clock, 

induction of protein unfolding, aggregation and degradation, loss of membrane integrity and 

acceleration of senescence are one of the consequences of heat stress effect on maize. When 

maize exposed to high temperature, the genes related to protein processing in endoplasmic 

reticulum pathway was significantly enriched, which mainly induce heat shock proteins 

expression. Those heat shock proteins were targets genes of heat stress responsive 

transcription factors, which participate in regulation when heat stress occurs (Hemantaranjan 

et al., 2014; Qian et al., 2019).  

Combined heat and  stress resulted in only a few significantly affected metabolites in the 

leaves of field grown in maize plants, of which most were shared responses under the single 

heat and  stresses (Obata et al., 2015). According to Lawas et al. (2018) there are two major 

reactions of plants to combined heat and drought stress: the massive induction of heat shock 

proteins and the sugar starvation phenotype. In addition, proteomic analysis indicates that 

few common proteins are observed responding to single and multiple high temperature events 

(Hu et al., 2010; Yang et al., 2010). Then according to (Vile et al., 2012) & (Suzuki et al., 

2014), the simultaneous occurrence of several stress results in highly complex responses of 

plants; extrapolated the response to combined stresses is largely controlled by different, and 

sometimes opposing, signaling pathways that may interact with and inhibit each other.  

Plants respond to stress with a wide range of modifications that cause to changes at the 

morphological, cellular, physiological, biochemical, and molecular levels (Aprile et al., 

2013; Lopes and Reynolds, 2010). Overall, protein phosphorylation plays a critical role in 

regulating many biological functions, including stress responses by signal transduction. 

Phosphorylation and dephosphorylation can switch many regulatory proteins and enzymes 

on and off, thus control a wide range of cellular processes and signal relays (Yang et al., 

2010). On the other hand, (Hu et al., 2015) reported five kinases and three phosphatases under 

heat stress, three kinases and two phosphatases under drought stress, and three kinases and 

three phosphatases under combined heat and water deficit stress. 

To determine those metabolites in plants and maize in particular, several methods are used 

in this era of omics science. Those technologies used in metabolomics are liquid 

chromatography coupled with single-stage mass spectrometry (LC-MS) (Ciborowski et al., 

2012; Lozovaya et al., 2006; Raji et al., 2013) or tandem mass spectrometry (LC-

MS/MS)(Cho et al., 2009; Guo et al., 2013), gas chromatography coupled to mass 

spectrometry (GC-MS) (Emwas et al., 2015a; Emwas et al., 2015b; Richter et al., 2015; 

Sivaram et al., 2019), high or ultrahigh performance liquid chromatography coupled to UV 

or fluorescent detection (HPLC/UPLC)(Al-Talla et al., 2011; Rodríguez-Aguilar et al., 2020; 
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Zheng et al., 2010), and nuclear magnetic resonance (NMR) spectroscopy (Kim et al., 2013; 

Zhang et al., 2008). Each analytical platform has its own advantages and disadvantages. The 

choice of the platform depends primarily on the focus of the study as well as on the nature of 

samples. However, the selection of a given platform or platforms is also often determined by 

the cost, its accessibility, and the available expertise(Emwas et al., 2019; Emwas, 2015). For 

example, with the development of new chromatography and mass spectrometry technologies, 

increasing numbers of plant metabolomics studies have occurred (Putri et al., 2013). 

Then, the use of plant metabolomics methods to study these metabolites can further provide 

information on the response of maize and other crop species to abiotic stress. Also taking 

accoung that in México maize is the most important crop with several races. In this review, 

we summarized the progress of metabolomics research on maize responses to abiotic stresses 

such as heat, drought and the combined heat/drought stress. In addition, we related the 

advantages and disadvantages of most of the technologies used to determine the metabolites 

in maize crop. The aim is to provide a reference for research on the antistress mechanism of 

maize with a special focus on Mexican native maize, loading for strategies and futures 

perspectives for the protection of native maize for his importance in Mexicans smallholders 

“campesinos” and the negative impact of the related effect of climate change on the crop. 

Also, understanding the effects of climate change on maize growth and yield in Mexico is 

important for a national and international perspective. 

Maize: the most important crop in México and climate change  

The importance of maize in Mexico is summarized with the following expression in Spanish 

“Sin Maíz, no hay país” translated as “without maize, there is no country” mentioned by 

(Cuellar, 2010; Esteva and Marielle, 2003; Florescano, 1986; Hellin et al., 2013; Richard, 

2012; Wallenius and Concheiro Bórquez, 2016). Mexico is the country with the greatest 

genetic diversity of maize in the world and is a genuine global reference for this grain. Since 

its domestication about 10,000 years ago in the middle of the Neovolcanic Axis, this 

grassland has an extraordinary cultural and productive value that constitutes an enormous 

responsibility, in the historical, geographical and in the field of research, to achieve better 

results and yields by taking care of soil and water and ensuring sustainable systems to ensure 

food capacity in general, and to achieve, in particular, self-sufficiency standards 

(https://repository.cimmyt.org/handle/10883/20330?show=full). 

A recent study reported by Pelcastre et al. 2021 demonstrated this importance also with an 

analysis of the perspectives on native maize conservation in Mexico from a public program. 

Then, maize is the most important crop cultivated, being central to the diets of both urban 

and rural consumers, particularly the poor. It occupies the largest planted area in the country 

devoted to any crop and involves cultivation by a large number of smallholders (Mercado 

and Manuel). According to Cabrera et al., 2002, 76.5% of the Mexican farmers use native 

seeds for its cultivation and that use depends mainly on the type of agriculture; however, in 

https://repository.cimmyt.org/handle/10883/20330?show=full
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the regions with typical rural agriculture 80 to 100% of the farmers use native seed 

fundamentally for its production. However, their production is generally limited for a series 

of factors like drought, plagues and diseases among others like the related effects of climate 

change that represent economic losses particularly for smallholder farmers (Bergvinson, 

2004).  

In México, the expected climate change, according to climate change scenarios will cause an 

increase of the global temperature trends up to 2.0°C at mid-century (Qin et al., 2014). 

However according to a recent study in United States, Central America and the Caribbean, 

the mean annual temperature and precipitation with biases between −0.93 and 1.27 °C and 

−37.90 to 58.45%, respectively, for most of the region. In addition the annual precipitations 

will decrease by 10-40%% over Central America and the Caribbean, especially over the 

monsoon region (Almazroui et al., 2021). The global climate will experience continued 

warming caused by past anthropogenic emissions as well as from additional future 

anthropogenic emissions and México is one of the area which will likely become drier 

(Maliva, 2021; Ramirez-Cabral et al., 2017).  

The negative impact of the related effects of climate change on maize in México has been 

largely studied (Aguirre-Liguori et al., 2019; Dendooven et al., 2012; Díaz-Álvarez et al., 

2020; Diédhiou et al., 2021; Donatti et al., 2019; Eakin, 2000; Mercer et al., 2012; Ramirez-

Cabral et al., 2017; Smale et al., 2001). Heat and drought stress have been also related to the 

effects of climate change in Mexico and will affect negatively maize germination (Castro-

Nava et al., 2012; Reddy and Kakani, 2007), seedlings (Lizárraga-Paulín et al., 2011), growth 

and reproduction (Alam et al., 2017; Castro-Nava et al., 2012) and grain yield (Green et al., 

2020; Ramirez-Cabral et al., 2017). A reduction in grain yield from 55 to 75% were reported 

under drought stress, also combined drought and heat stress significantly reduced the average 

number of days to anthesis and plant height of Mexican maize(Cairns et al., 2013). 

Previous investigations that have studied the impacts of climate change on maize in Mexico 

have focused on shifts in the suitability of geographic areas by projecting the plants climate 

threshold or have focused on the impact of changes in climatic variables on specific native 

races or varieties (Conde et al., 1998; Mercer and Perales, 2010; Monterroso rivas et al., 

2011; Ureta et al., 2012). For example, all Mexican races of maize and their wild relatives 

were projected under different climate change scenarios with the objective to evaluate the 

potential impacts in their geographic distribution. It was found that the potential distribution 

area of most races was negatively impacted by climate change (Ureta et al., 2012). 

Mexican farmers cultivated maize on rainfed fields on plots smaller than 5 ha, some of these 

farmers still grow their crop in a traditional system called “Milpa” in which several species 

or crop as bean (Phaseolus vulgaris L.), squash (Cucurbita  spp) grown simultaneously 

(Heindorf et al., 2019; Mercer et al., 2012; Pérez-Hernández et al., 2021a). These farmers are 

the ones preserving maize diversity in situ and it should be made possible for them to attain 
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enough yields from native maize varieties or genotypes. For that, it is important to better 

understand the mechanisms of maize under abiotic stress with the use of the new era omics 

sciences such as metabolomics with have good advantages to bring researchers news 

perspectives to face the negative effects of climate change on Mexican native maize.  

Technology applied for the study of metabolomics in maize 

The first metabolite profiling publications and research originated from the Baylor College 

of Medicine in the early 1970s where Devaux et al. 1971; Horning and Horning 1970; 1971a; 

and Horning and Horning 1971b) illustrated their concept trough the multicomponent 

analyses of steroids, acids, and neutral and acidic urinary drug metabolites using GC/MS. 

They are also credited with coining the term ‘‘metabolite profiling’’ to refer to qualitative 

and quantitative analyses of complex mixtures of physiological origin (Sumner et al., 

2003).(Lei and Huang, 2017) reported that it aims to analyze qualitatively and quantitatively 

all metabolites within biological samples and that research processes to determine the 

metabolomics of samples, including the collection of samples, the removal, separation and 

detection of metabolites and the analysis of data require the retention of metabolite 

information as much as possible. However, it should be noted that due to the complex 

composition of metabolites, there is currently no way to detect all metabolites simultaneously 

(Lu et al., 2013; Rochfort, 2005). 

Metabolites are generally classified into primary and secondary metabolites. The primary 

metabolites are indispensable for the growth and development of a plant and secondary 

metabolites are not essential for growth and development but are necessary for a plant to 

survive under stress conditions by maintaining a delicate balance with the environment. 

Primary metabolites are highly conserved in their structures and abundances but secondary 

metabolites differ widely across plant kingdoms (Guerriero et al., 2018; Rama and Vinutha, 

2019; Scossa et al., 2016). Then metabolomics could contribute significantly to the study of 

stress biology in plants by identifying different compounds, such as by-products of stress 

metabolism, stress signal transduction molecules or molecules that are part of the acclimation 

response of plants (Shulaev et al., 2008). 

In maize, studies have been done to study the metabolomics profile of the crop under abiotic 

stress such as heat (Sivaram et al., 2019; Sun et al., 2016b),  (Dubery et al., 2020; Liu and 

Qin, 2021; Sun et al., 2016a) and multiple stress (LI et al., 2021; Sun et al., 2015) with various 

technologies (Deng et al., 2020; Fu et al., 2021; Janistyn, 1983; Li et al., 2019; Obata et al., 

2015; Riedelsheimer et al., 2013; Wen et al., 2014; Wen et al., 2015). Nuclear magnetic 

resonance (NMR) and gas chromatography-mass spectroscopy (GC-MS) are the two 

noteworthy analytical tools for investigations of metabolites however other technologies such 

as combining Fourier transform-ion cyclotron resonance mass-spectrometry, capillary 

electrophoresis-mass spectrometry and pressurized liquid extraction, liquid chromatography 

tandem mass spectrometry (LC-MS/MS), high or ultrahigh performance liquid 
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chromatography coupled to UV or fluorescent detection (HPLC/UPLC) have been used to 

determine the metabolomics profile in maize (Leite et al., 2020; Leon et al., 2009; Sharanya 

et al., 2020; Tang et al., 2013). 

NMR has become one of the main analytical techniques used in metabolomics. Also, in the 

present, LC-MS and GC-MS are increasingly popular in metabolomics studies for maize. 

The crucial advantage of these latest technologies is that they have been long used for 

metabolite profiling, so that stable protocols for machine configuration and maintenance, 

chromatogram evaluation and interpretation already exists (Fernie, 2004; Halket et al., 2005; 

Herrero et al., 2012; Li et al., 2020a; Lioupi et al., 2020; Lisec et al., 2006). Other advantages 

are related to the short run time and relatively low running costs for GC-MS. However, their 

use is limited for thermally stable volatile compounds, making the analysis of high molecular 

weight compounds difficult. Furthermore, it facilitates the identification and robust 

quantification of a few hundred metabolites in plant samples such as sugars, sugar alcohols, 

amino acids, organic acids and polyamines, resulting in fairly complete coverage of the 

central pathways of primary metabolism (Rama and Vinutha, 2019). 

Rogachev and Aharoni (2011) indicated that LC-MS does not require prior sample treatment 

or separation of components in the liquid phase and therefore has no limitation due to the 

volatilization of compounds. Therefore, LC has the potential to analyze a wide variety of 

metabolites in plants. The technique becomes increasingly powerful due to the recent 

development of the UPLC which has higher resolution, sensitivity and performance than the 

High Performance Conventional Liquid Chromatography (HPLC). These technologies can 

be combined with other techniques to identify a wide variety of metabolites even when they 

have high molecular mass, high polarity and low thermo stability (Rama and Vinutha, 2019). 

Those types of MS including quadrupole (Q), TOF, qTOF, triple quadrupole (QqQ), ion trap 

(IT), quadrupole trap (LTQ)-Fourier transformed ionic cyclotron resonance etc. are used 

depending on sensitivity, mass resolution and range dynamics required (Allwood and 

Goodacre, 2010; Lei et al., 2011). 

Some of the advantages and disadvantages of the two most widely used technologies from 

the evaluation, preparation and reuse of the sample until the numbers of detectable 

metabolites for the determination of metabolites in maize are summarized below (Table 1). 
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Table 1. Advantages and disadvantages of the two most widely used technologies from the 

evaluation, preparation and reuse of the sample until the numbers of detectable metabolites 

for the determination of metabolites in maize are summarized below. 

Parameters NMR MS 

Evaluation of the sample It enables relatively rapid 

measurement using 1D 1H-

NMR spectroscopy, where 

all metabolites detectable at 

a concentration level can be 

observed in a measurement. 

Different ionization 

methods are required to 

maximize the number of 

metabolites to be detected. 

Preparation of the sample Minimal preparation 

required and usually the 

sample is transferred to an 

NMR tube and a solvent is 

added also can be 

automated. 

More wear, requires 

chromatography and gas 

sample derivatization. 

Reuse of the sample It is non-destructive and 

therefore several analyses 

can be performed on the 

same sample. Additionally, 

the sample can be recovered 

and stored for a long time. 

It is a destructive technique; 

therefore, the sample cannot 

be recovered. However, it 

only needs a small amount 

of sample. 

numbers of detectable 

metabolites 

Depending on spectral 

resolution, generally less 

than 200 metabolites can be 

detected and identified in a 

single measurement. 

It is possible to detect 

thousands of metabolites 

and identify hundreds of 

them. 

 

It should be added that in maize more work has been done with genetically modified maize 

and hybrid maize to determine their metabolomic profiles under different conditions and with 

various methodologies (Blondel et al., 2016; Tang et al., 2017; Zhang et al., 2020). However, 

in terms of native maize, in this present not much work has been done to determine their 

metabolomic profiles in our knowledge but there exist works with compare the wild maize 

Teosinte with existing maize breeds. Morphological and metabolomic changes from wild to 

domesticated maize where it was reported an increment of flavonoids and decrement of 

amino acids as metabolomic changes for maize crop (Xu et al., 2019). 
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Maize’s metabolomic profile response to water stress deficit   

In Mexico around 80% of all maize cultivated is grown under rainfed conditions, where the 

possibilities for alleviating water stress are limited (Aquino et al., 2001; Ribaut and Ragot, 

2007). In addition, predictions through climate models point to increased frequency and 

severity of drought in the near future (Change, 2007). For this reason, considerable efforts 

have been made to understand the response of plants to  stress. Studies have revealed an 

important role of metabolism and its regulation as much as that of photosynthesis and 

accumulation of osmolytes in the response to  stress (Verslues and Juenger, 2011). 

Sun et al. (2016a) found an accumulation of different metabolites to successive drought and 

re-watering cycles in two inbred lines of maize. The metabolites identified were glucose, 

fructose, malate, proline, aspartate, asparagine and threonine significantly different in the 

metabolomic profile of the two inbred lines under normal conditions. As compatible solutes, 

amino acids, sugars, and complex carbohydrates are known to be accumulated at high levels 

under stress, possibly to maintain cell turgor, stabilize proteins and cell membranes, and 

restore redox balance(Rodziewicz et al., 2014; Witt et al., 2012). For example, in maize cv. 

FR697; changes were found in the hormones abscisic acid (ABA) and cytokinin, and 

presence of high concentrations of the aromatic cytokinin 6-benzylaminopurine (BAP). Also, 

several phenyl propanoid compounds (coumaric, caffeic and ferulic acids) were reported in 

xylem sap. The concentrations of some of these phenylpropanoid compounds changed under 

drought conditions (Alvarez et al., 2008). A drought tolerant hybrid maize exhibited a 

significant increase in non-structural carbohydrates and aromatic amino acids during the mid 

and late stages of a drought treatment, respectively, and a reduction in tricarboxylic acid 

cycle intermediates relative to a susceptible genotype (Caldana et al., 2011). 

Other studies showed the recovery of inbred maize plants after being subjected to drought 

stress, where the recovery time is related to the regulation of metabolism. For example, levels 

of compounds such as shikimate, succinate, fumarate, isoleucine, leucine, valine, tryptophan, 

tyrosine, proline, and choline were completely reversed after re-watering, but sterols, 

aldehyde group, terpenes, fatty acids, free fatty acids and polyunsaturated fatty acids were 

only partially restored and remain below control levels, particularly after a second watering. 

Also, several compounds, such as sucrose, glucose, fructose and inositol, are corrected in 

excess after re-watering. This finding suggests that different metabolic pathways of maize 

return to their normal state at different rates. One study showed that recovery from the 

metabolic processes initiated by irrigation during water stress is considerably complicated. It 

is likely that metabolic profile patterns are functionally related to each other (Oliver et al., 

1998; Sun et al., 2016c). 
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With the use of MS in Mexican landraces seeds, identification of 18 anthocyanins was done 

with the objectives to obtain UV−vis spectral signatures and ionomic fingerprints from 

differently pigmented corn genotypes including a new purple maize variety called 

“Vitamaize”, a new hybrid that no transgenic. Similarly they found differences for the total 

concentration of anthocyanins (Peniche-Pavía and Tiessen, 2020). Also in three Mexican 

maize landraces were found that the transcript levels of photosynthesis associated with genes 

decreased under drought stress (Hayano-Kanashiro et al., 2009). 

Metabolomics profile of maize response to heat stress 

Most of the studies dealing with possible climate change effects on Mexican maize have 

detected negative impacts due to the increase of the temperature (Mercer and Perales, 2010; 

Ray et al., 2015; Ureta et al., 2016). Heat stress can be very detrimental for their development 

and consequently negatively impact yield. Flowering and grain filling stages are very heat 

sensitive in maize and sterility increases with higher temperatures. The optimum 

temperatures for most of its developmental phases range between 26 and 32 °C (Lobell et al., 

2011; Sánchez et al., 2014). High temperature affects maize plants at all levels, ranging from 

molecular and cellular effects to whole plant growth. More importantly, tissue injuries caused 

by heat stress exposure of crop plants grown under field conditions are mostly irreversibles. 

Severe heat stress at vegetative developmental stages can cause significant decreases in 

photosynthetic area and reduction in metabolites production (Burke and Chen, 2006; Chen 

et al., 2010; Chen et al., 2012; Doğru, 2021; Jiang and Huang, 2001). 

 Han et al. (2009) and Peverelli and Rogers (2013) indicated that heat stress decreases the 

development phase and leads to small organs, also a lower perception of light due to a 

reduced and altered life cycle due to carbon assimilation and loss of yields in cereals. It can 

also affect germination and depending on the intensity of the stress can negatively affect 

photosynthesis, cell respiration, water relations and cell membrane stability, as well as 

hormone levels as both primary and secondary metabolites (Wahid et al., 2007). 

Under heat stress conditions, the metabolomic profile of maize lines reveals the presence of 

succinate, myoinositol, xylitol, proline, putrescine, glycerol-3-P, beta algalacanin, fructose, 

malate, tricarboxylic acid, fumarate, GABA, octadecanoate, as the most accumulated in 

leaves (Obata et al., 2015; Sun et al., 2016c). While from the root part of maize hybrid, 

accumulation of glutathione and cysteine were the components with greater presence related 

to heat stress (Nieto-Sotelo and Ho, 1986). A recent work comparating the metabolomics 

profile of maizes (temperate and tropical) and its wild ancestor (Teosinte) targeted distinct 

sets of metabolites. Alkaloids, terpenoids, and lipids were specifically targeted in the 

divergence between Teosinte and tropical maize, while benzoxazinoids were specifically 

targeted in the divergence between tropical and temperate maize(Xu et al., 2019).  
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Metabolomics profile response of maize to the combination of heat and water deficit  

stress 

The combination of drought and heat stress represents an excellent example of two different 

abiotic stress conditions that occur in the field simultaneously (Moffat, 2002; Shah and 

Paulsen, 2003). The maize grain yield loss caused by heat and drought stresses together could 

exceed 40% to 70%, with a possibility of 100% yield loss. Heat and drought stresses greatly 

affected the production and yield stability. The improving and understanding those abiotic 

stresses in maize has become one of the priorities for maize breeding (Chen et al., 2012; 

Lobell et al., 2011).  

Metabolomic research on cereals has also recently begun and may, in the future, provide 

valuable information, for instance, on the sugar and amino acid metabolism in the vegetative 

and reproductive organs of cereals under various environmental conditions (Langridge et al., 

2006). However, studies have been done to determine the metabolomics response of maize 

to the combined heat and  stresses. For example, 10 hybrid maize lines were used under 

combined heat and drought stresses, to identify promising metabolite markers to be used as 

part of a stress-tolerant maize breeding program. Analysis of maize leaf metabolite profiles 

combined with traits associated with grain yields showed that glycine and serine, two amino 

acids important for photorespiration, and the sugar alcohol myo-inositol were accumulated 

under drought and combined drought and heat stress conditions. Moreover, statistical 

analysis revealed a significant correlation between glycine and myo-inositol contents and 

grain yields under drought and combined drought and heat stress. They also reported that the 

effect of drought stress was more influential than that of heat stress, and the tendency of 

metabolite accumulation under combined stress was closer to that under drought than heat 

stress (Obata et al., 2015; Sato et al., 2004).  

The Table 2 identifies the most common metabolites in the combination of water and heat 

stress in maize crop and a summary of their possible functions obtained with the help from 

the website www.plantcyc.org.  
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Table 2. Most common metabolites in the combination of water and heat stress in maize crop 

and a summary of their possible functions 

Most common 

metabolites 

Biological role References 

Asparagine (Asn) Pathways of biosynthesis, protein 

constituent and amino group donor. 

(De la Torre et al., 2007; 

Miesak and Coruzzi, 2002) 

Aspartic acid (Asp) Photosynthetic carbon assimilation 

cycle in C4 plants. 

(Alvarez et al., 2013) 

Beta alanine Osmoprotector in abiotic stress 

conditions. 

(Hanson et al., 1991; 

Rathinasabapathi, 2000) 

Fructose 2, 6-

bisphosphate 

Powerful allosteric regulator with 

simultaneous dual functions. It is a 

phosphofructose-1, 6-

bisphosphatase activator and a 

fructose-1,6-bisphosphatase 

inhibitor, being key enzymes that 

limit the speed of glycolysis and 

gluconeogenesis, respectively. 

(Pilkis et al., 1995)  

Fumarate It is involved in the glycoxylate 

cycle and the breakdown of fatty 

acids. 

(Bologna et al., 2007; 

Karsten et al., 2003) 

Glycerol-3-

phosphate 

Intervenes in oxidation and 

reduction reactions of NAD and 

NADH that must be balanced to 

continue with catabolism and 

anabolism. 

(Shen et al., 2006) 

Glycine betaine It accumulates in high cytoplasmic 

concentrations in response to 

osmotic stress to act as an 

osmoprotector. 

(Ji and Kaplowitz, 2003; 

Monobe et al., 2005) 

Malate Photosynthetic carbon assimilation 

cycle in C4 plants. 

(Rothermel and Nelson, 

1989) 

Nicotinate It is involved in the routes 

degradation and recovery of 

pyridine compounds. Depending on 

the species, the nucleotide cycle 

involves a number of steps that 

emphasize the flexibility of this 

pathway in response to 

environmental conditions. 

(Ashihara et al., 2005)  

Phosphate  It has a number of signaling 

functions, including regulation of 

(Coelho et al., 2005) 
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nuclear mRNA export, binding of 

clathrin assembly proteins AP2 and 

AP3, Clathrin cage assembly 

inhibition and inhibition of serine 

and threonine phosphatase proteins 

that regulate L-type Ca2+ channels. 

Putrescine Its presence is related to water 

stress, oxidative and wounds. 

Evidence has suggested his 

presence in the biosynthesis of 

chloroplasts. 

(Patel et al., 2017) 

Pyroglutamate It mitigates oxidative stress by 

degrading glutathione from 

extracellular space; it may also be 

involved in the transport of 

glutathione. 

(Shachar-Hill et al., 1995) 

Serine It is involved in photorespiration. 

Under conditions of abiotic stress 

its supply is important to counteract 

for example high concentrations of 

salts, floods etc. 

(Kim et al., 2002) 

Succinate It is involved in aerobic respiration 

and the generation of energy and 

reducing power and therefore, very 

related to trichloroacetic acid. 

(Fernie, 2004) 

Threonine Its conversion involves two 

enzymes (homoserine kinase and 

theorin synthase) both catalyzed in 

chloroplast. 

(Mas-Droux et al., 2006; 

Redfearn et al., 2005) 

 

Prospects and challenges 

Maize is one of the most important crops in the world and the most important in Mexico. 

Also being the center of domestication of maize, it is an international interest to protect maize 

in Mexico where almost 64 races have been reported. At the same time, the native maize is 

very important for Mexican smallholders “campesinos” because is the principal component 

of their agricultural system “Milpa”. “Milpa” farmers carefully selected their own maize and 

other crops varieties for generations, resulting in a vast amount of heritage landrace diversity 

that is locally endemic and found nowhere else in the world (Novotny et al., 2021; Perales 

and Golicher, 2014; Perales et al., 2005; Wang et al., 2017). However in the present and 

future, the related effect of climate change such as drought, heat and combined heat and 

drought stress present in fields’ production have been reported to bring negative impact for 

maize from the establishment until the yield (Hein et al., 2021; Muitire et al., 2021; Prasch 

and Sonnewald, 2015).  
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Taking account this case, a public policy from the Federal Government of Mexico have been 

reported with the name “Programa de Conservación de Maíz Criollo” (Program for the 

Conservation of Native Maize in Mexico; PROMAC) was rolled out in 52 natural protected 

areas and 22 priority regions for conservation, which are biodiversity hotspots with unique 

ecosystems and high numbers of endemic species, and they are considered to have great 

potential for successful conservation efforts. What is interesting about this case is how the 

Mexican government moved from the traditional strategy of priority species conservation to 

considering native maize as a priority species and incorporating it into this strategy but this 

strategy have been started just at 2009. However according to Pelcastre et al. (2021) the 

problem was that its design ignored what the experts determined to be the main threats to 

native maize. Furthermore, designing the program as a series of financial subsidies led to a 

significant rift between the conceptualizers and the implementers. In addition in the present, 

farmers are the most affected by the related effect of climate change and until now they are 

facing and adapting their crop or system to achieve their production. For example Ureta et 

al. (2012) reported a decrease in Mexican maize yield related to the effect of climate change. 

To understand how plants face to the environmental conditions, metabolomic emerges as an 

emerging field in the post-genomic era dedicated to the global study of metabolites, their 

composition, and response to changes in the environment, in cells, tissues, or fluids 

(Varghese et al., 2011). However, due to the complex composition of metabolites, there is 

currently no way to detect all metabolites simultaneously (Lu et al., 2013). Different 

technologies are used to detect different types of metabolites. Analytical platforms GC-MS 

and NMR are the most used but recommended the use of multiplatform detection for different 

tissue samples, making full use of the advantages of different detection platforms (Feng et 

al., 2020). 

The work of Obata et al. (2015) were done with ten maize lines from the International Maize 

and Wheat Improvement Center (CIMMYT-México) and really related the metabolomics 

profiles of maize from single stress ( and heat), their combination and grain yields. This work 

was one of the most completed that reported metabolomics profile of maize in the country 

we found however we did not found a work with this kind of objective with Mexican maize 

even landraces. However it is important to note that, works were done in Mexican maize but 

with the objective of the detection of aflatoxin in the Mexican population such as women for 

health studies (de León-Martínez et al., 2019a; Diaz de Leon-Martinez et al., 2020; 

Rodríguez-Aguilar et al., 2020). 
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Fig. 1. Summarize of the actual research advances in Mexican native maize  

 

Taking account the importance of native maize for smallholders and for the country, it will 

be really attractive to investigate about the profile metabolite of native maize and that will 

help to understand how some of them counterattack the limits of the environments then they 

face at fields production. It will be very important to add the post genomic era as one of the 

objective of the PROMAC to support Mexican government for the conservation of native 

maize. In the present, metabolomic profile in Mexican native maize have not yet well studied 

and most of the profile investigated was done on trans genetic, hybrid, wild ancestral maize. 

In addition, the response of maize to stress involves complex physiological and biochemical 

processes, and the molecular mechanism governing this response needs to be elucidated in 

depth via combinations of various analytical methods, such as metabolomics, proteomics, 

genomics, transcriptomics, and bioinformatics. The Figure 1. summarize the actual advances 

in native maize in the country where we conclude that the metabolomic profile of Mexican 

native maize have not been well studied and can be the key to understand how to face and 

how maize face the negative effect of climate change. 

 



83 

 

Acknowledgements 

This work was supported by a Doctoral Research Fellowship award (2018-000012-01NACF-

03824) from National Council for Science and Technology of Mexico (CONACYT) to the 

first author. This research was also supported by the Found for Supporting Research from 

the Autonomous University of San Luis Potosí (CO-FAI-10-47.47) and FORDECYT-

PRONACES, which funded the project "Fortification of the UASLP Botanical Garden for 

the Preservation and Visibility of Biocultural Richness and the Dissemination and Exchange 

of Etnobiological Knowledge". 

 

Author contribution statement 

ID was mainly responsible for conducting literature review, research and wrote the first draft 

of the manuscript. HMRT project leader, obtained the financial resources for the study 

execution, supervised the research project. Coordinated the research work and revised/edited 

the manuscript. JFM reviewed the manuscript and contributed to the final version of the 

manuscript. RFR reviewed the manuscript, revised and edited the final version of the 

manuscript. 

Funding 

This work was supported by a Doctoral Research Fellowship award (2018-000012-01NACF-

03824) from National Council for Science and Technology of Mexico (CONACYT) to the 

first author. This research was also supported by the Found for Supporting Research from 

the Autonomous University of San Luis Potosí (CO-FAI-10-47.47) and FORDECYT-

PRONACES, which funded the project "Fortification of the UASLP Botanical Garden for 

the Preservation and Visibility of Biocultural Richness and the Dissemination and Exchange 

of Etnobiological Knowledge". 

 

Data and material availability  

All data generated or analyzed during this study are included in this article 

Declarations Conflict of interest.  

The authors declare that they have no known competing financial interests or personal 

relationships that could have appeared to influence the work reported in this paper.  

Human and animal rights statement.  

This article does not contain any studies with human or animal subjects. 

 



84 

 

References 

Aguirre-Liguori JA, Ramírez-Barahona S, Tiffin P, Eguiarte LE (2019) Climate change is 

predicted to disrupt patterns of local adaptation in wild and cultivated maize. 

Proceedings of the Royal Society B 286, 20190486. 

https://doi.org/10.1098/rspb.2019.0486 

Al-Talla Z, Akrawi SH, and Emwas AM (2011) Solid state NMR and bioequivalence 

comparison of the pharmacokinetic parameters of two formulations of clindamycin 

International journal of clinical pharmacology and therapeutics 49, 469-476. DOI: 

10.5414/cp201478 

Alam MA, Seetharam K, Zaidi PH, Dinesh A, Vinayan MT, Nath UK (2017) Dissecting heat 

stress tolerance in tropical maize (Zea mays L.). Field Crops Research 204, 110-119. 

https://doi.org/10.1016/j.fcr.2017.01.006 

Allwood JW, Goodacre R (2010) An introduction to liquid chromatography–mass 

spectrometry instrumentation applied in plant metabolomic analyses. Phytochemical 

Analysis: An International Journal of Plant Chemical and Biochemical Techniques 

21, 33-47. https://doi.org/10.1002/pca.1187 

Almazroui M, Islam MN, Saeed F, Saeed S, Ismail M, Ehsan MA, Diallo I, O’Brien E, 

Ashfaq M, Martínez-Castro D (2021). Projected changes in temperature and 

precipitation over the United States, Central America, and the Caribbean in CMIP6 

GCMs. Earth Systems and Environment 5, 1-24. https://doi.org/10.1007/s41748-021-

00199-5 

Alvarez CE, Saigo M, Margarit E, Andreo CS, Drincovich MF (2013) Kinetics and functional 

diversity among the five members of the NADP-malic enzyme family from Zea mays, 

a C4 species. Photosynthesis research 115, 65-80. https://doi.org/10.1007/s11120-

013-9839-9 

Alvarez S, Marsh EL, Schroeder SG, Schachtman DP (2008). Metabolomic and proteomic 

changes in the xylem sap of maize under drought. Plant, Cell & Environment 31, 325-

340. https://doi.org/10.1111/j.1365-3040.2007.01770.x 

Apel K, Hirt H (2004) Reactive oxygen species: metabolism, oxidative stress, and signal 

transduction. Annu. Rev. Plant Biol. 55, 373-399. 

https://doi.org/10.1146/annurev.arplant.55.031903.141701 

Aprile A, Havlickova L, Panna R, Marè C, Borrelli GM, Marone D, Perrotta C, Rampino P, 

De Bellis L, Curn V (2013) Different stress responsive strategies to drought and heat 

in two durum wheat cultivars with contrasting water use efficiency. BMC genomics 

14, 1-18. https://doi.org/10.1186/1471-2164-14-821 

Aquino P, Carrión F, Calvo R, Flores D (2001) "Selected maize statistics." 

Ashihara H, Stasolla C, Yin Y, Loukanina N, Thorpe TA (2005) De novo and salvage 

biosynthetic pathways of pyridine nucleotides and nicotinic acid conjugates in 

cultured plant cells. Plant Science 169, 107-114. 

https://doi.org/10.1016/j.plantsci.2005.03.001 

https://doi.org/10.1098/rspb.2019.0486
https://doi.org/10.1016/j.fcr.2017.01.006
https://doi.org/10.1002/pca.1187
https://doi.org/10.1111/j.1365-3040.2007.01770.x
https://doi.org/10.1146/annurev.arplant.55.031903.141701
https://doi.org/10.1186/1471-2164-14-821
https://doi.org/10.1016/j.plantsci.2005.03.001


85 

 

Benešová M, Hola D, Fischer L, Jedelský PL, Hnilička F, Wilhelmová N, Rothova O, 

Kočová M, Prochazkova D, Honnerova J (2012) The physiology and proteomics of 

drought tolerance in maize: early stomatal closure as a cause of lower tolerance to 

short-term dehydration? PLoS One 7, e38017. 

https://doi.org/10.1371/journal.pone.0038017 

Benevenuto RF, Agapito-Tenfen SZ, Vilperte V, Wikmark OG, van Rensburg PJ, Nodari 

RO (2017) Molecular responses of genetically modified maize to abiotic stresses as 

determined through proteomic and metabolomic analyses. PLoS One 12, e0173069. 

https://doi.org/10.1371/journal.pone.0173069 

Bergvinson D (2004) 13 Opportunities and Challenges for IPM in Developing Countries. 

Potential, Constraints and Challenges. 

Blondel C, Khelalfa F, Reynaud S, Fauvelle F, Raveton M (2016) Effect of organochlorine 

pesticides exposure on the maize root metabolome assessed using high-resolution 

magic-angle spinning 1H NMR spectroscopy. Environmental Pollution 214, 539-548. 

https://doi.org/10.1016/j.envpol.2016.04.057 

Bologna FP, Andreo CS, Drincovich MF (2007) Escherichia coli Malic enzymes: two 

isoforms with substantial differences in kinetic properties, metabolic regulation, and 

structure. Journal of bacteriology 189, 5937-5946. https://doi.org/10.1128/JB.00428-

07  

Burke J, Chen J (2006) Changes in cellular and molecular processes in plant adaptation to 

heat stress. Plant-environment interactions, 27-46. 

Cabrera BEH, Macías-López A, Ruiz RD, Ramírez MV, Alvarado AD (2002) Uso de semilla 

criolla y caracteres de mazorca para la selección de semilla de maíz en México. 

Revista Fitotecnia Mexicana 25, 17-23. 

Cairns JE, Crossa J, Zaidi P, Grudloyma P, Sanchez C, Araus JL, Thaitad S, Makumbi D, 

Magorokosho C, Bänziger M (2013) Identification of drought, heat, and combined 

drought and heat tolerant donors in maize. Crop Science 53, 1335-1346. 

https://doi.org/10.2135/cropsci2012.09.0545 

Caldana C, Degenkolbe T, Cuadros‐Inostroza A, Klie S, Sulpice R, Leisse A, Steinhauser D, 

Fernie AR, Willmitzer L, Hannah MA (2011) High‐density kinetic analysis of the 

metabolomic and transcriptomic response of Arabidopsis to eight environmental 

conditions. The Plant Journal 67, 869-884. https://doi.org/10.1111/j.1365-

313X.2011.04640.x 

Castro-Nava SC, Ramos-Ortíz VH, Reyes-Méndez CA, Briones-Encinia F, López-Santillán 

JA (2012). Preliminary field screening of maize landrace germplasm from 

northeastern Mexico under high temperatures. Maydica 56. 

Change IC (2007) The physical science basis. Cambridge Univ. Press. 

Chebrolu KK, Fritschi FB, Ye S, Krishnan HB, Smith JR, Gillman JD (2016). Impact of heat 

stress during seed development on soybean seed metabolome. Metabolomics 12, 28. 

DOI 10.1007/s11306-015-0941-1 

https://doi.org/10.1016/j.envpol.2016.04.057
https://doi.org/10.1128/JB.00428-07
https://doi.org/10.1128/JB.00428-07
https://doi.org/10.2135/cropsci2012.09.0545
https://doi.org/10.1111/j.1365-313X.2011.04640.x
https://doi.org/10.1111/j.1365-313X.2011.04640.x


86 

 

Chen J, Xu W, Burke JJ, Xin Z (2010) Role of phosphatidic acid in high temperature 

tolerance in maize. Crop science 50, 2506-2515. 

https://dx.doi.org/10.2135/cropsci2009.12.0716 

Chen J, Xu W, Velten J, Xin Z, Stout J (2012) Characterization of maize inbred lines for 

drought and heat tolerance. Journal of soil and water conservation 67, 354-364. 

https://doi.org/10.2489/jswc.67.5.354 

Cho SH, Choi MH, Kwon OS, Lee WY, Chung, BC (2009) Metabolic significance of 

bisphenol A‐induced oxidative stress in rat urine measured by liquid 

chromatography–mass spectrometry. Journal of Applied Toxicology 29, 110-117. 

https://doi.org/10.1002/jat.1387 

Christensen SA, E’lysse AS, Alborn HT, Block AK, Chamberlain CA (2021). Metabolomics 

by UHPLC-HRMS reveals the impact of heat stress on pathogen-elicited immunity 

in maize. Metabolomics 17, 1-11. https://doi.org/10.1007/s11306-020-01739-2 

Ciborowski M, Lipska A, Godzien J, Ferrarini A, Korsak J, Radziwon P, Tomasiak M, 

Barbas C (2012) Combination of LC–MS and GC–MS-based metabolomics to study 

the effect of ozonated autohemotherapy on human blood. Journal of proteome 

research 11, 6231-6241. https://doi.org/10.1021/pr3008946 

Clarke JD, Alexander, DC, Ward DP, Ryals JA, Mitchell MW, Wulff JE, Guo L (2013) 

Assessment of genetically modified soybean in relation to natural variation in the 

soybean seed metabolome. Scientific Reports 3, 1-7. 

https://doi.org/10.1038/srep03082 

Coelho CMM, Tsai SM, Vitorello VA (2005) Dynamics of inositol phosphate pools (tris-, 

tetrakis-and pentakisphosphate) in relation to the rate of phytate synthesis during seed 

development in common bean (Phaseolus vulgaris). Journal of plant physiology 162, 

1-9. https://doi.org/10.1016/j.jplph.2004.06.013 

Conde C, Liverman D, Flores M, Ferrer R, Araújo R, Betancourt E, Villarreal G, Gay C 

(1998) Vulnerability of rainfed maize crops in Mexico to climate change. Climate 

Research 9, 17-23. DOI: https://doi.org/10.3354/cr009017 

Cramer GR, Urano K, Delrot S, Pezzotti M, Shinozaki K (2011) Effects of abiotic stress on 

plants: a systems biology perspective. BMC plant biology 11, 1-14. 

https://doi.org/10.1186/1471-2229-11-163 

Crandall SG, Gold KM, Jiménez-Gasco MdM, Filgueiras CC, Willett DS (2020) A multi-

omics approach to solving problems in plant disease ecology. Plos one 15, e0237975. 

https://doi.org/10.1371/journal.pone.0237975 

Cuellar AM (2010). Sin maíz no hay país. Mujeres rurales y crisis alimentaria. Sociedades 

Rurales, Producción y Medio Ambiente, 95-112. 

De la Torre F, Suárez MF, Santis Ld, Cánovas FM (2007) The aspartate aminotransferase 

family in conifers: biochemical analysis of a prokaryotic-type enzyme from maritime 

pine. Tree physiology 27, 1283-1291. https://doi.org/10.1093/treephys/27.9.1283 

de León-Martínez LD, Díaz-Barriga F, Barbier O, Ortíz DLG, Ortega-Romero M, Pérez-

Vázquez F, Flores-Ramírez R (2019) Evaluation of emerging biomarkers of renal 

https://doi.org/10.1002/jat.1387
https://doi.org/10.1021/pr3008946
https://doi.org/10.1016/j.jplph.2004.06.013
https://doi.org/10.1093/treephys/27.9.1283


87 

 

damage and exposure to aflatoxin-B 1 in Mexican indigenous women: a pilot study. 

Environmental Science and Pollution Research 26, 12205-12216. 

https://doi.org/10.1007/s11356-019-04634-z 

Dendooven L, Gutiérrez-Oliva VF, Patiño-Zúñiga L, Ramírez-Villanueva DA, Verhulst N, 

Luna-Guido M, Marsch R, Montes-Molina J, Gutiérrez-Miceli FA, Vásquez-

Murrieta S (2012) Greenhouse gas emissions under conservation agriculture 

compared to traditional cultivation of maize in the central highlands of Mexico. 

Science of the total environment 431, 237-244. 

https://doi.org/10.1016/j.scitotenv.2012.05.029 

Deng M, Zhang X, Luo J, Liu H, Wen W, Luo H, Yan J, and Xiao Y (2020) Metabolomics 

analysis reveals differences in evolution between maize and rice. The Plant Journal 

103, 1710-1722. https://doi.org/10.1111/tpj.14856 

Desoky ESM, Mansour E, Ali M, Yasin MA, Abdul-Hamid MI, Rady MM, Ali EF (2021) 

Exogenously Used 24-Epibrassinolide Promotes Drought Tolerance in Maize 

Hybrids by Improving Plant and Water Productivity in an Arid Environment. Plants 

10, 354. https://doi.org/10.3390/plants10020354 

Devaux P, Horning M, Horning E (1971) Benzyloxime derivatives of steroids. A new 

metabolic profile procedure for human urinary steroids human urinary steroids. 

Analytical Letters 4, 151-160. https://doi.org/10.1080/00032717108059686 

Díaz-Álvarez E, Martínez-Zavaleta J, López-Santiz E, de la Barrera E, Larsen J, del-Val E 

(2020) Climate change can trigger fall armyworm outbreaks: a developmental 

response experiment with two Mexican maize landraces. International Journal of Pest 

Management, 1-9. https://doi.org/10.1080/09670874.2020.1869347 

Diaz de Leon-Martinez L, Rodríguez-Aguilar M, Wong-Arce A, Diaz-Barriga F, Banuelos-

Hernandez B, Rosales-Mendoza S, Flores-Ramírez R (2020) Evaluation of acute and 

chronic exposure to aflatoxin B 1 in indigenous women of the Huasteca Potosina, 

Mexico. Environmental Science and Pollution Research 27, 30583-30591. 

https://doi.org/10.1007/s11356-020-09361-4 

Diédhiou I, Ramírez-Tobías HM, Martinez JF, Ramírez RF (2021) Effects of different 

temperatures and water stress in germination and initial growth of creole genotypes 

of maize from three different agroclimatic regions of San Luis Potosí (México). 

Maydica 66, 16. 

Doğru A (2021) Effects of heat stress on photosystem II activity and antioxidant enzymes in 

two maize cultivars. Planta 253, 1-15. https://doi.org/10.1007/s00425-021-03611-6 

Donatti CI, Harvey CA, Martinez-Rodriguez MR, Vignola R, Rodriguez CM (2019) 

Vulnerability of smallholder farmers to climate change in Central America and 

Mexico: current knowledge and research gaps. Climate and Development 11, 264-

286. https://doi.org/10.1080/17565529.2018.1442796 

Dong X, Guan L, Zhang P, Liu X, Li S, Fu Z, Tang L, Qi Z, Qiu Z, Jin C (2021) Responses 

of maize with different growth periods to heat stress around flowering and early grain 

https://doi.org/10.1016/j.scitotenv.2012.05.029
https://doi.org/10.1111/tpj.14856
https://doi.org/10.3390/plants10020354
https://doi.org/10.1007/s11356-020-09361-4


88 

 

filling. Agricultural and Forest Meteorology 303, 108378. 

https://doi.org/10.1016/j.agrformet.2021.108378 

Dubery I, Tugizimana F, Piater L, Steenkamp P (2020) Metabolomics studies to unravel the 

biochemistry underlying the effect of microbial biostimulants on maize plants under 

drought stress conditions. 

Eakin H (2000) Smallholder maize production and climatic risk: a case study from Mexico. 

Climatic change 45, 19-36. https://doi.org/10.1023/A:1005628631627 

Emwas AH, Roy R, McKay RT, Tenori L, Saccenti E, Gowda G, Raftery D, Alahmari F, 

Jaremko L, Jaremko  (2019) NMR spectroscopy for metabolomics research. 

Metabolites 9, 123. https://doi.org/10.3390/metabo9070123 

Emwas AHM (2015) The strengths and weaknesses of NMR spectroscopy and mass 

spectrometry with particular focus on metabolomics research. In "Metabonomics", 

pp. 161-193. Springer. https://doi.org/10.1007/978-1-4939-2377-9_13 

Emwas AHM, Al-Talla ZA, Kharbatia NM (2015a) Sample collection and preparation of 

biofluids and extracts for gas chromatography–mass spectrometry. In 

"Metabonomics", pp. 75-90. Springer. https://doi.org/10.1007/978-1-4939-2377-9_7 

Emwas AHM, Al-Talla ZA, Yang Y, and Kharbatia NM (2015b) Gas chromatography–mass 

spectrometry of biofluids and extracts. In "Metabonomics", pp. 91-112. Springer. 

https://doi.org/10.1007/978-1-4939-2377-9_8 

Esteva G, Marielle C (2003) "Sin maíz no hay país." 

Feng Z, Ding C, Li W, Wang D, Cui D (2020) Applications of metabolomics in the research 

of soybean plant under abiotic stress. Food chemistry 310, 125914. 

https://doi.org/10.1016/j.foodchem.2019.125914 

Fernie A (2004) Respiratory metabolism: glycolysis, theTCA cycle and mitochondrial 

electron transport. Curr. Opin. Plant Biol. 7, 1-8. 

Florescano E (1986) "Precios del maíz y crisis agrícolas en México, 1708-1810," Ediciones 

Era. 

Fraire-Velázquez S, Rodríguez-Guerra R, Sánchez-Calderón L (2011). Abiotic and biotic 

stress response crosstalk in plants. Abiotic stress response in plants—physiological, 

biochemical and genetic perspectives, 3-26. 

Fu W, Zhu P, Qu M, Zhi W, Zhang Y, Li F, Zhu S (2021) Evaluation on reprogramed 

biological processes in transgenic maize varieties using transcriptomics and 

metabolomics. Scientific reports 11, 1-13. https://doi.org/10.1038/s41598-021-

81637-2 

Georgii E, Jin M, Zhao J, Kanawati B, Schmitt-Kopplin P, Albert A, Winkler JB, Schäffner 

AR (2017) Relationships between drought, heat and air humidity responses revealed 

by transcriptome-metabolome co-analysis. BMC plant biology 17, 1-23. 

https://doi.org/10.1186/s12870-017-1062-y 

Gill SS, Tuteja N (2010) Reactive oxygen species and antioxidant machinery in abiotic stress 

tolerance in crop plants. Plant physiology and biochemistry 48, 909-930. 

https://doi.org/10.1016/j.plaphy.2010.08.016 



89 

 

Gong F, Yang L, Tai F, Hu X, Wang W (2014) “Omics” of maize stress response for 

sustainable food production: opportunities and challenges. Omics: a journal of 

integrative biology 18, 714-732. https://doi.org/10.1089/omi.2014.0125 

Green L, Schmook B, Radel C, Mardero S (2020) Living smallholder vulnerability: The 

everyday experience of climate change in Calakmul, Mexico. Journal of Latin 

American Geography 19, 110-142. doi:10.1353/lag.2020.0028. 

Guerriero G, Berni R, Muñoz-Sanchez J, Apone F, Abdel-Salam E, Qahtan A, Alatar A, 

Cantini C., Cai G, Hausman J (2018) Production of plant secondary metabolites: 

examples, tips and suggestions for biotechnologists. Genes 9 (6): 309. 

https://doi.org/10.3390/genes9060309 

Guo J, Zhang M, Elmore CS, Vishwanathan K (2013) An integrated strategy for in vivo 

metabolite profiling using high-resolution mass spectrometry based data processing 

techniques. Analytica chimica acta 780, 55-64. 

https://doi.org/10.1016/j.aca.2013.04.012 

Halket JM, Waterman D, Przyborowska AM, Patel RK, Fraser PD, Bramley PM (2005) 

Chemical derivatization and mass spectral libraries in metabolic profiling by GC/MS 

and LC/MS/MS. Journal of experimental botany 56, 219-243. 

https://doi.org/10.1093/jxb/eri069 

Han F, Chen H, Li XJ, Yang MF, Liu, GS, Shen SH (2009) A comparative proteomic analysis 

of rice seedlings under various high-temperature stresses. Biochimica et Biophysica 

Acta (BBA)-Proteins and Proteomics 1794, 1625-1634. 

https://doi.org/10.1016/j.bbapap.2009.07.013 

Hanson AD, Rathinasabapathi B, Chamberlin B, Gage DA (1991) Comparative 

physiological evidence that β-alanine betaine and choline-O-sulfate act as compatible 

osmolytes in halophytic Limonium species. Plant Physiology 97, 1199-1205. 

https://doi.org/10.1104/pp.97.3.1199 

Hatami M, Khanizadeh P, Bovand F, Aghaee A (2021) Silicon nanoparticle-mediated seed 

priming and Pseudomonas spp. inoculation augment growth, physiology and 

antioxidant metabolic status in Melissa officinalis L. plants. Industrial Crops and 

Products 162, 113238. https://doi.org/10.1016/j.indcrop.2021.113238 

Hatfield JL, Boote KJ, Kimball B, Ziska L, Izaurralde RC, Ort D, Thomson AM, Wolfe D 

(2011). Climate impacts on agriculture: implications for crop production. Agronomy 

journal 103, 351-370. DOI:10.2134/agronj2010.0303 

Hayano-Kanashiro C, Calderón-Vázquez C, Ibarra-Laclette E, Herrera-Estrella L, Simpson 

J (2009) Analysis of gene expression and physiological responses in three Mexican 

maize landraces under drought stress and recovery irrigation. PLoS one 4, e7531. 

https://doi.org/10.1371/journal.pone.0007531 

Hein NT, Ciampitti IA, Jagadish S (2021) Bottlenecks and opportunities in field-based high-

throughput phenotyping for heat and drought stress. Journal of Experimental Botany. 

doi:10.1093/jxb/erab021 

https://doi.org/10.1016/j.bbapap.2009.07.013
https://doi.org/10.1104/pp.97.3.1199
https://doi.org/10.1016/j.indcrop.2021.113238


90 

 

Heindorf C, Reyes–Agüero J, van’t Hooft A, Fortanelli–Martínez J (2019) Inter-and 

Intraspecific Edible Plant Diversity of the Tének Milpa Fields in Mexico. Economic 

Botany 73, 489-504. https://doi.org/10.1007/s12231-019-09475-y 

Hellin J, Bellon MR, Hearne SJ (2014) Maize landraces and adaptation to climate change in 

Mexico. Journal of Crop Improvement 28, 484-501. 

https://doi.org/10.1080/15427528.2014.921800 

Hellin J, Keleman A, López D, Donnet L, Flores D (2013) La importancia de los nichos de 

mercado: Un estudio de caso del maíz azul y del maíz para pozole en México. Revista 

fitotecnia mexicana 36, 315-328. 

Hemantaranjan A, Bhanu AN, Singh M, Yadav D, Patel P, Singh R, Katiyar D (2014) Heat 

stress responses and thermotolerance. Adv. Plants Agric. Res 1, 1-10. 

Hermann M, Amaya K, Latournerie L, Castiñeiras L (2009) "Cómo conservan los 

agricultores sus semillas en el trópico húmedo de Cuba, México y Perú?," Bioversity 

International. https://hdl.handle.net/10568/104786 

Herrero M, Simó C, García‐Cañas V, Ibáñez E, Cifuentes A (2012) Foodomics: MS‐based 

strategies in modern food science and nutrition. Mass spectrometry reviews 31, 49-

69. https://doi.org/10.1002/mas.20335 

Horning, E., and Horning, M. (1970). Metabolic profiles: chromatographic methods for 

isolation and characterization of a variety of metabolites in man. Methods in medical 

research 12, 369-371. 

Horning EC, Horning MG (1971a) Human metabolic profiles obtained by GC and GC/MS. 

Journal of Chromatographic Science 9, 129-140. 

https://doi.org/10.1093/chromsci/9.3.129 

Horning EC, Horning MG (1971b). Metabolic profiles: gas-phase methods for analysis of 

metabolites. Clinical chemistry 17, 802-809. 

https://doi.org/10.1093/clinchem/17.8.802 

Hu X, Li Y, Li C, Yang H, Wang W, Lu M (2010) Characterization of small heat shock 

proteins associated with maize tolerance to combined drought and heat stress. Journal 

of Plant Growth Regulation 29, 455-464. https://doi.org/10.1007/s00344-010-9157-

9 

Hu X, Lu M, Li C, Liu T, Wang W, Wu J, Tai F, Li X, Zhang J (2011) Differential expression 

of proteins in maize roots in response to abscisic acid and drought. Acta Physiologiae 

Plantarum 33, 2437. https://doi.org/10.1007/s11738-011-0784-y 

Hu X, Wu L, Zhao F, Zhang D, Li N, Zhu G, Li C, Wang W (2015) Phosphoproteomic 

analysis of the response of maize leaves to drought, heat and their combination stress. 

Frontiers in plant science 6, 298. https://doi.org/10.3389/fpls.2015.00298 

Hu X, Wu X, Li C, Lu M, Liu T, Wang Y, Wang W (2012) Abscisic acid refines the synthesis 

of chloroplast proteins in maize (Zea mays) in response to drought and light. PloS one 

7, e49500. https://doi.org/10.1371/journal.pone.0049500 

https://hdl.handle.net/10568/104786
https://doi.org/10.1002/mas.20335
https://doi.org/10.1093/chromsci/9.3.129
https://doi.org/10.1093/clinchem/17.8.802
https://doi.org/10.3389/fpls.2015.00298


91 

 

Huang H, Møller IM, Song SQ (2012) Proteomics of desiccation tolerance during 

development and germination of maize embryos. Journal of proteomics 75, 1247-

1262. https://doi.org/10.1016/j.jprot.2011.10.036 

Janistyn B (1983) Gas chromatographic-mass spectroscopic identification and quantification 

of cyclic guanosine-3′: 5′-monophosphate in maize seedlings (Zea mays). Planta 159, 

382-385. https://doi.org/10.1007/BF00393178 

Ji C, Kaplowitz N (2003) Betaine decreases hyperhomocysteinemia, endoplasmic reticulum 

stress, and liver injury in alcohol-fed mice. Gastroenterology 124, 1488-1499. 

https://doi.org/10.1016/S0016-5085(03)00276-2 

Jiang Y, Huang B (2001) Drought and heat stress injury to two cool‐season turfgrasses in 

relation to antioxidant metabolism and lipid peroxidation. Crop science 41, 436-442. 

https://doi.org/10.2135/cropsci2001.412436x 

Karsten WE, Pais JE, Rao GJ, Harris BG, Cook PF (2003) Ascaris suum NAD-malic enzyme 

is activated by L-malate and fumarate binding to separate allosteric sites. 

Biochemistry 42, 9712-9721. https://doi.org/10.1021/bi034101w 

Kato TA, Mapes C, Mera L, Serratos J,  Bye R (2009) Origen y diversificación del maíz: una 

revisión analítica. Universidad Nacional Autónoma de México, Comisión Nacional 

para el Conocimiento y Uso de la Biodiversidad. México, DF 116. 

Kim J, Lee M, Chalam R, Martin MN, Leustek T, Boerjan W (2002) Constitutive 

Overexpression of Cystathionine γ-Synthase in Arabidopsis Leads to Accumulation 

of Soluble Methionine andS-Methylmethionine. Plant Physiology 128, 95-107. 

https://doi.org/10.1104/pp.101801 

Kim JW, Ryu SH, Kim S, Lee HW, Lim Ms, Seong SJ, Kim S, Yoon YR, Kim KB (2013) 

Pattern recognition analysis for hepatotoxicity induced by acetaminophen using 

plasma and urinary 1H NMR-based metabolomics in humans. Analytical chemistry 

85, 11326-11334. https://doi.org/10.1021/ac402390q 

Kitazaki K, Fukushima A, Nakabayashi R, Okazaki Y, Kobayashi M, Mori T, Nishizawa T, 

Reyes-Chin-Wo S, Michelmore RW, Saito K (2018) Metabolic reprogramming in 

leaf lettuce grown under different light quality and intensity conditions using narrow-

band LEDs. Scientific reports 8, 1-12. https://doi.org/10.1038/s41598-018-25686-0 

Lan P, Li W, Wen TN, Shiau JY, Wu YC, Lin W, Schmidt W (2011) iTRAQ protein profile 

analysis of Arabidopsis roots reveals new aspects critical for iron homeostasis. Plant 

physiology 155, 821-834. https://doi.org/10.1104/pp.110.169508 

Langridge P, Paltridge N, Fincher G (2006) Functional genomics of abiotic stress tolerance 

in cereals. Briefings in Functional Genomics 4, 343-354. 

https://doi.org/10.1093/bfgp/eli005 

Lawas LMF, Zuther E, Jagadish SK, Hincha DK (2018). Molecular mechanisms of combined 

heat and drought stress resilience in cereals. Current opinion in plant biology 45, 212-

217. https://doi.org/10.1016/j.pbi.2018.04.002 

Lei G, Huang Y (2017) Application progress of metabolomics in rice research. Journal of 

Agricultural Science and Technology (Beijing) 19, 27-35. 

https://doi.org/10.1016/j.jprot.2011.10.036
https://doi.org/10.1016/S0016-5085(03)00276-2
https://doi.org/10.2135/cropsci2001.412436x
https://doi.org/10.1021/bi034101w
https://doi.org/10.1104/pp.101801
https://doi.org/10.1021/ac402390q
https://doi.org/10.1104/pp.110.169508
https://doi.org/10.1093/bfgp/eli005
https://doi.org/10.1016/j.pbi.2018.04.002


92 

 

Lei Z, Huhman DV, Sumner LW (2011) Mass spectrometry strategies in metabolomics. 

Journal of Biological Chemistry 286, 25435-25442. 

https://doi.org/10.1074/jbc.R111.238691 

Leite M, Freitas A, Silva AS, Barbosa J, Ramos F (2020) Maize (Zea mays L.) and 

mycotoxins: A review on optimization and validation of analytical methods by liquid 

chromatography coupled to mass spectrometry. Trends in Food Science & 

Technology 99, 542-565. https://doi.org/10.1016/j.tifs.2020.03.023 

Leon C, Rodriguez-Meizoso I, Lucio M, Garcia-Cañas V, Ibañez E, Schmitt-Kopplin P, 

Cifuentes A (2009) Metabolomics of transgenic maize combining Fourier transform-

ion cyclotron resonance-mass spectrometry, capillary electrophoresis-mass 

spectrometry and pressurized liquid extraction. Journal of Chromatography A 1216, 

7314-7323. https://doi.org/10.1016/j.chroma.2009.04.092 

Lesk C, Rowhani P, Ramankutty N (2016 Influence of extreme weather disasters on global 

crop production. Nature 529, 84-87. https://doi.org/10.1038/nature16467 

Li K, Wen W, Alseekh S, Yang X, Guo H, Li W, Wang L, Pan Q, Zhan W, Liu J (2019) 

Large‐scale metabolite quantitative trait locus analysis provides new insights for 

high‐quality maize improvement. The Plant Journal 99, 216-230. 

https://doi.org/10.1111/tpj.14317 

Li PC, Yang XY, Wang HM, Ting P, Yang JY, Wang YY, Yang X, Yang ZF, Xu CW (2021) 

Metabolic responses to combined  and salt stress in maize primary roots. Journal of 

Integrative Agriculture 20, 109-119. https://doi.org/10.1016/S2095-3119(20)63242-

7 

Li S, Tian Y, Jiang P, Lin Y, Liu X, Yang H (2020) Recent advances in the application of 

metabolomics for food safety control and food quality analyses. Critical Reviews in 

Food Science and Nutrition, 1-22. https://doi.org/10.1080/10408398.2020.1761287 

Liu X, Ma Q, Yu H, Li Y, Zhou L, He Q, Xu Z, Zhou G (2020a). Responses of plant biomass 

and yield component in rice, wheat, and maize to climatic warming: a meta-analysis. 

Planta 252, 1-13. https://doi.org/10.1007/s00425-020-03495-y 

Li X, Takahashi T, Suzuki N, Kaiser HM (2011) The impact of climate change on maize 

yields in the United States and China. Agricultural Systems 104, 348-353. 

https://doi.org/10.1016/j.agsy.2010.12.006 

Lioupi A, Nenadis N, Theodoridis G (2020) Virgin olive oil metabolomics: A review. Journal 

of Chromatography B, 122161. https://doi.org/10.1016/j.jchromb.2020.122161 

Lisec J, Schauer N, Kopka J, Willmitzer L, Fernie AR (2006) Gas chromatography mass 

spectrometry–based metabolite profiling in plants. Nature protocols 1, 387. 

https://doi.org/10.1038/nprot.2006.59 

Liu S, Qin F (2021) Genetic dissection of maize drought tolerance for trait improvement. 

Molecular Breeding 41, 1-13. https://doi.org/10.1007/s11032-020-01194-w 

Liu X, Wang X, Wang X, Gao J, Luo N, Meng Q, Wang P (2020). Dissecting the critical 

stage in the response of maize kernel set to individual and combined drought and heat 

https://doi.org/10.1074/jbc.R111.238691
https://doi.org/10.1016/j.tifs.2020.03.023
https://doi.org/10.1016/j.chroma.2009.04.092
https://doi.org/10.1111/tpj.14317
https://doi.org/10.1016/S2095-3119(20)63242-7
https://doi.org/10.1016/S2095-3119(20)63242-7
https://doi.org/10.1080/10408398.2020.1761287
https://doi.org/10.1016/j.agsy.2010.12.006
https://doi.org/10.1016/j.jchromb.2020.122161


93 

 

stress around flowering. Environmental and Experimental Botany 179, 104213. 

https://doi.org/10.1016/j.envexpbot.2020.104213 

Lizárraga-Paulín EG, Torres-Pacheco I, Moreno-Martínez E, Miranda-Castro SP (2011) 

Chitosan application in maize (Zea mays) to counteract the effects of abiotic stress at 

seedling level. African Journal of Biotechnology 10, 6439-6446. DOI: 

10.5897/AJB10.1448 

Lobell DB, Bänziger M, Magorokosho C, Vivek B (2011) Nonlinear heat effects on African 

maize as evidenced by historical yield trials. Nature climate change 1, 42-45. 

https://doi.org/10.1038/nclimate1043 

Lopes M, Reynolds M (2010) Dissecting drought adaptation into its phenotypic and genetic 

components in wheat. Aspects of Applied Biology, 7-11. 

Lozovaya V, Ulanov A, Lygin A, Duncan D, Widholm J (2006) Biochemical features of 

maize tissues with different capacities to regenerate plants. Planta 224, 1385-1399. 

https://doi.org/10.1007/s00425-006-0328-7 

Lu Y, Lam H, Pi E, Zhan Q, Tsai S, Wang C, Kwan Y, Ngai S (2013) Comparative 

metabolomics in Glycine max and Glycine soja under salt stress to reveal the 

phenotypes of their offspring. Journal of agricultural and food chemistry 61, 8711-

8721. https://doi.org/10.1021/jf402043m 

Maharajan T, Krishna T, Kiriyanthan RM, Ignacimuthu S, Ceasar SA (2021) Improving 

abiotic stress tolerance in sorghum: focus on the nutrient transporters and marker-

assisted breeding. Planta 254, 1-16. https://doi.org/10.1007/s00425-021-03739-5 

Maliva R (2021) Intergovernmental Panel on Climate Change and Global Climate Change 

Projections. In "Climate Change and Groundwater: Planning and Adaptations for a 

Changing and Uncertain Future", pp. 71-88. Springer. https://doi.org/10.1007/978-3-

030-66813-6_4 

Manavalan LP, Guttikonda SK, Phan Tran LS, Nguyen HT (2009). Physiological and 

molecular approaches to improve drought resistance in soybean. Plant and cell 

physiology 50, 1260-1276. https://doi.org/10.1093/pcp/pcp082 

Manova V, Gruszka D (2015) DNA damage and repair in plants–from models to crops. 

Frontiers in plant science 6, 885. https://doi.org/10.3389/fpls.2015.00885 

Mas-Droux C, Biou V, Dumas R (2006) Allosteric threonine synthase: Reorganization of the 

pyridoxal phosphate site upon asymmetric activation through S-adenosylmethionine 

binding to a novel site. Journal of Biological Chemistry 281, 5188-5196. 

https://doi.org/10.1074/jbc.M509798200 

Massad TJ, Dyer LA, Vega G (2012) Costs of defense and a test of the carbon-nutrient 

balance and growth-differentiation balance hypotheses for two co-occurring classes 

of plant defense. PLoS One 7, e47554. https://doi.org/10.1371/journal.pone.0047554 

Mauricio R, Bellona M, Hodson D, Hellin J (2011) Assessing the vulnerability of traditional 

maize seed systems in Mexico to climate change. 

https://doi.org/10.1073/pnas.1103373108 

https://doi.org/10.1016/j.envexpbot.2020.104213
https://doi.org/10.1021/jf402043m
https://doi.org/10.1093/pcp/pcp082
https://doi.org/10.3389/fpls.2015.00885
https://doi.org/10.1074/jbc.M509798200
https://doi.org/10.1073/pnas.1103373108


94 

 

Meena KK, Sorty AM, Bitla UM, Choudhary K, Gupta P, Pareek A, Singh DP, Prabha R, 

Sahu PK,  Gupta VK (2017) Abiotic stress responses and microbe-mediated 

mitigation in plants: the omics strategies. Frontiers in plant science 8, 172. 

https://doi.org/10.3389/fpls.2017.00172 

Mercado IG, Manuel J "Situación actual y perspectivas del maíz en México 1996-

2012/Servicio de Información Agroalimentaria y Pesquera." Servicio de Información 

Agroalimentaria y Pesquera. México. 

Mercer KL, Perales HR (2010) Evolutionary response of landraces to climate change in 

centers of crop diversity. Evolutionary applications 3, 480-493. 

https://doi.org/10.1111/j.1752-4571.2010.00137.x 

Mercer KL, Perales HR, Wainwright JD (2012) Climate change and the transgenic adaptation 

strategy: Smallholder livelihoods, climate justice, and maize landraces in Mexico. 

Global Environmental Change 22, 495-504. 

https://doi.org/10.1016/j.gloenvcha.2012.01.003 

Miesak BH, Coruzzi GM (2002) Molecular and physiological analysis of Arabidopsis 

mutants defective in cytosolic or chloroplastic aspartate aminotransferase. Plant 

physiology 129, 650-660. https://doi.org/10.1104/pp.005090 

Moffat AS (2002) Finding new ways to protect drought-stricken plants. American 

Association for the Advancement of Science. DOI: 10.1126/science.296.5571.1226 

Monobe M, Uzawa A, Hino M, Ando K, Kojima S (2005) Glycine betaine, a beer component, 

protects radiation-induced injury. Journal of radiation research 46, 117-121. 

https://doi.org/10.1269/jrr.46.117 

Monterroso Rivas AI, Conde Álvarez C, Rosales Dorantes G, Gómez Díaz JD, Gay García 

C (2011) Assessing current and potential rainfed maize suitability under climate 

change scenarios in México. Atmósfera 24, 53-67. 

Msowoya K, Madani K, Davtalab R, Mirchi A, Lund JR (2016) Climate change impacts on 

maize production in the warm heart of Africa. Water Resources Management 30, 

5299-5312. https://doi.org/10.1007/s11269-016-1487-3 

Muitire C, Kamutando C, Moyo M (2021) Building Stress Resilience of Cereals under Future 

Climatic Scenarios:‘The Case of Maize, Wheat, Rice and Sorghum’. In "Cereal 

Grains". IntechOpen.DOI: 10.5772/intechopen.96608 

Naveed M, Mitter B, Reichenauer TG, Wieczorek K, Sessitsch A (2014) Increased drought 

stress resilience of maize through endophytic colonization by Burkholderia 

phytofirmans PsJN and Enterobacter sp. FD17. Environmental and Experimental 

Botany 97, 30-39. https://doi.org/10.1016/j.envexpbot.2013.09.014 

Nguyen T, Sedghi L, Ganther S, Malone E, Kamarajan P, Kapila YL (2020) Host‐microbe 

interactions: Profiles in the transcriptome, the proteome, and the metabolome. 

Periodontology 2000 82, 115-128. https://doi.org/10.1111/prd.12316 

Nieto-Sotelo J, Ho THD (1986) Effect of heat shock on the metabolism of glutathione in 

maize roots. Plant Physiology 82, 1031-1035. https://doi.org/10.1104/pp.82.4.1031 

https://doi.org/10.3389/fpls.2017.00172
https://doi.org/10.1111/j.1752-4571.2010.00137.x
https://doi.org/10.1016/j.gloenvcha.2012.01.003
https://doi.org/10.1104/pp.005090
https://doi.org/10.1269/jrr.46.117
https://doi.org/10.1016/j.envexpbot.2013.09.014
https://doi.org/10.1111/prd.12316
https://doi.org/10.1104/pp.82.4.1031


95 

 

Novotny IP, Tittonell P, Fuentes-Ponce MH, López-Ridaura S, Rossing WA (2021) The 

importance of the traditional milpa in food security and nutritional self-sufficiency in 

the highlands of Oaxaca, Mexico. PloS one 16, e0246281. 

https://doi.org/10.1371/journal.pone.0246281 

Obata T, Fernie AR (2012) The use of metabolomics to dissect plant responses to abiotic 

stresses. Cellular and Molecular Life Sciences 69, 3225-3243. 

https://doi.org/10.1007/s00018-012-1091-5 

Obata T, Witt S, Lisec J, Palacios-Rojas N, Florez-Sarasa I, Yousfi S, Araus JL, Cairns JE, 

Fernie AR (2015) Metabolite profiles of maize leaves in drought, heat, and combined 

stress field trials reveal the relationship between metabolism and grain yield. Plant 

Physiology 169, 2665-2683. https://doi.org/10.1104/pp.15.01164 

Oliver MJ, O'mahony P, Wood AJ (1998) “To dryness and beyond”–preparation for the dried 

state and rehydration in vegetative desiccation-tolerant plants. Plant Growth 

Regulation 24, 193-201. https://doi.org/10.1023/A:1005863015130 

Patel J, Ariyaratne M, Ahmed S, Ge L, Phuntumart V, Kalinoski A, Morris PF (2017) Dual 

functioning of plant arginases provides a third route for putrescine synthesis. Plant 

Science 262, 62-73. https://doi.org/10.1016/j.plantsci.2017.05.011 

Pelcastre V, García-Frapolli E, Ayala-Orozco B, Lazos-Chavero E (2021) Perspectives on 

native maize conservation in Mexico: a public programme analysis. Environmental 

Conservation 48, 33-40.doi:10.1017/S0376892920000417 

Peniche-Pavía HA, Tiessen A (2020) Anthocyanin profiling of maize grains using DIESI-

MSQD reveals that cyanidin-based derivatives predominate in purple corn, whereas 

pelargonidin-based molecules occur in red-pink varieties from Mexico. Journal of 

agricultural and food chemistry 68, 5980-5994. 

https://doi.org/10.1021/acs.jafc.9b06336 

Perales H, Golicher D (2014) Mapping the diversity of maize races in Mexico. PloS one 9, 

e114657. https://doi.org/10.1371/journal.pone.0114657 

Perales HR, Benz BF, Brush SB (2005) Maize diversity and ethnolinguistic diversity in 

Chiapas, Mexico. Proceedings of the National Academy of Sciences 102, 949-954. 

https://doi.org/10.1073/pnas.0408701102 

Pérez-Hernández RG, Cach-Pérez MJ, Aparacio-Fabre R, Van der Wal H, Rodríguez-Robles 

U (2021) Physiological and microclimatic consequences of variation in agricultural 

management of maize. Botanical Sciences 99, 132-

148.  https://doi.org/10.17129/botsci.2640 

Peverelli MC, Rogers WJ (2013) Heat stress effects on crop performance and tools for 

tolerance breeding. Revista de la Facultad de Ciencias Agrarias 45, 349-368. 

Pilkis SJ, Claus TH, Kurland IJ, Lange AJ (1995) 6-Phosphofructo-2-kinase/fructose-2, 6-

bisphosphatase: a metabolic signaling enzyme. Annual review of biochemistry 64, 

799-835. https://doi.org/10.1146/annurev.bi.64.070195.004055 

https://doi.org/10.1104/pp.15.01164
https://doi.org/10.1016/j.plantsci.2017.05.011
https://doi.org/10.1021/acs.jafc.9b06336
https://doi.org/10.1073/pnas.0408701102
https://doi.org/10.17129/botsci.2640
https://doi.org/10.1146/annurev.bi.64.070195.004055


96 

 

Prasch CM, Sonnewald U (2015) Signaling events in plants: stress factors in combination 

change the picture. Environmental and Experimental Botany 114, 4-14. 

https://doi.org/10.1016/j.envexpbot.2014.06.020 

Preciado Ortiz R, Montes Hernandez S "Amplitud, mejoramiento, usos y riesgos de la 

diversidad genetica de maiz en Mexico. eds," Rep. No. 6078029045. 

Putri SP, Yamamoto S, Tsugawa H, Fukusaki E (2013) Current metabolomics: technological 

advances. Journal of bioscience and bioengineering 116, 9-16. 

https://doi.org/10.1016/j.jbiosc.2012.12.007 

Qi X, Xu W, Zhang J, Guo R, Zhao M, Hu L, Wang H, Dong H, Li Y (2017) Physiological 

characteristics and metabolomics of transgenic wheat containing the maize C 4 

phosphoenolpyruvate carboxylase (PEPC) gene under high temperature stress. 

Protoplasma 254, 1017-1030. DOI 10.1007/s00709-016-1010-y 

Qian Y, Ren Q, Zhang J, Chen L (2019) Transcriptomic analysis of the maize (Zea mays L.) 

inbred line B73 response to heat stress at the seedling stage. Gene 692, 68-78. 

https://doi.org/10.1016/j.gene.2018.12.062 

Qin D, Plattner G, Tignor M, Allen S, Boschung J, Nauels A, Xia Y, Bex V, Midgley P 

(2014) Climate change 2013: the physical science basis. Contribution of Working 

Group I to the Fifth Assessment Report of the Intergovernmental Panel on Climate 

Change (eds TF Stocker et al.), 5-14. 

Raji M, Amad MA, Emwas AH (2013) Dehydrodimerization of pterostilbene during 

electrospray ionization mass spectrometry. Rapid Communications in Mass 

Spectrometry 27, 1260-1266. https://doi.org/10.1002/rcm.6571 

Rama PG, Vinutha T (2019) Metabolomic Profiling of Plants to Understand Reasons for 

Plant Stress Resilience to Abiotic Stress. In "Recent Approaches in Omics for Plant 

Resilience to Climate Change", pp. 57-74. Springer. https://doi.org/10.1007/978-3-

030-21687-0_3 

Ramirez-Cabral NY, Kumar L, Shabani F (2017) Global alterations in areas of suitability for 

maize production from climate change and using a mechanistic species distribution 

model (CLIMEX). Scientific Reports 7, 1-13. https://doi.org/10.1038/s41598-017-

05804-0 

Rathinasabapathi B (2000) Metabolic engineering for stress tolerance: installing 

osmoprotectant synthesis pathways. Annals of Botany 86, 709-716. 

https://doi.org/10.1006/anbo.2000.1254 

Rawat N, Singla‐Pareek SL, Pareek A (2020) Membrane dynamics during individual and 

combined abiotic stresses in plants and tools to study the same. Physiologia 

Plantarum. https://doi.org/10.1111/ppl.13217 

Ray DK, Gerber JS, MacDonald GK, West PC (2015) Climate variation explains a third of 

global crop yield variability. Nature communications 6, 1-9. 

https://doi.org/10.1038/ncomms6989 

https://doi.org/10.1016/j.envexpbot.2014.06.020
https://doi.org/10.1016/j.jbiosc.2012.12.007
https://doi.org/10.1016/j.gene.2018.12.062
https://doi.org/10.1002/rcm.6571
https://doi.org/10.1006/anbo.2000.1254
https://doi.org/10.1111/ppl.13217


97 

 

Reddy KR, Kakani V (2007) Screening Capsicum species of different origins for high 

temperature tolerance by in vitro pollen germination and pollen tube length. Scientia 

horticulturae 112, 130-135. https://doi.org/10.1016/j.scienta.2006.12.014 

Redfearn DP, Trim GM, Skanes AC, Petrellis B, Krahn AD, Yee R, Klein GJ (2005) 

Esophageal temperature monitoring during radiofrequency ablation of atrial 

fibrillation. Journal of cardiovascular electrophysiology 16, 589-593. 

https://doi.org/10.1111/j.1540-8167.2005.40825.x 

Ribaut JM, Ragot M (2007) Marker-assisted selection to improve drought adaptation in 

maize: the backcross approach, perspectives, limitations, and alternatives. Journal of 

experimental botany 58, 351-360. https://doi.org/10.1093/jxb/erl214 

Richard A (2012) Sin Maíz No Hay País. Environment and Citizenship in Latin America: 

Natures, Subjects and Struggles 101, 59. 

Richter JA, Erban A, Kopka J, Zörb C (2015) Metabolic contribution to salt stress in two 

maize hybrids with contrasting resistance. Plant Science 233, 107-115. 

https://doi.org/10.1016/j.plantsci.2015.01.006 

Riedelsheimer C, Brotman Y, Méret M, Melchinger AE, Willmitzer L (2013) The maize leaf 

lipidome shows multilevel genetic control and high predictive value for agronomic 

traits. Scientific reports 3, 1-7. https://doi.org/10.1038/srep02479 

Rochfort S (2005) Metabolomics reviewed: a new “omics” platform technology for systems 

biology and implications for natural products research. Journal of natural products 

68, 1813-1820.  

https://doi.org/10.1021/np050255w 

Rodríguez-Aguilar M, Solís-Mercado J, Flores-Ramírez R, Díaz-Barriga F, Zuki-Orozco A, 

Cilia-López V (2020) Aflatoxins and the traditional process of nixtamalisation in 

indigenous communities from the Huasteca Potosina region. World Mycotoxin 

Journal 13, 391-399. https://doi.org/10.3920/WMJ2019.2538 

Rodziewicz P, Swarcewicz B, Chmielewska K, Wojakowska A, Stobiecki M (2014) 

Influence of abiotic stresses on plant proteome and metabolome changes. Acta 

Physiologiae Plantarum 36, 1-19. https://doi.org/10.1007/s11738-013-1402-y 

Rogachev I, Aharoni A (2011) UPLC-MS-based metabolite analysis in tomato. In "Plant 

Metabolomics", pp. 129-144. Springer. https://doi.org/10.1007/978-1-61779-594-

7_9 

Rothermel BA, Nelson T (1989) Primary structure of the maize NADP-dependent malic 

enzyme. Journal of Biological Chemistry 264, 19587-19592. 

https://doi.org/10.1016/S0021-9258(19)47154-8 

Sánchez B, Rasmussen A, Porter JR (2014) Temperatures and the growth and development 

of maize and rice: a review. Global change biology 20, 408-417. 

https://doi.org/10.1111/gcb.12389 

Sanchez DH, Siahpoosh MR, Roessner U, Udvardi M, Kopka J (2008) Plant metabolomics 

reveals conserved and divergent metabolic responses to salinity. Physiologia 

plantarum 132, 209-219. https://doi.org/10.1111/j.1399-3054.2007.00993.x 

https://doi.org/10.1016/j.scienta.2006.12.014
https://doi.org/10.1111/j.1540-8167.2005.40825.x
https://doi.org/10.1093/jxb/erl214
https://doi.org/10.1016/j.plantsci.2015.01.006
https://doi.org/10.3920/WMJ2019.2538
https://doi.org/10.1016/S0021-9258(19)47154-8
https://doi.org/10.1111/gcb.12389
https://doi.org/10.1111/j.1399-3054.2007.00993.x


98 

 

Sato S, Soga T, Nishioka T, Tomita M (2004) Simultaneous determination of the main 

metabolites in rice leaves using capillary electrophoresis mass spectrometry and 

capillary electrophoresis diode array detection. The Plant Journal 40, 151-163. 

https://doi.org/10.1111/j.1365-313X.2004.02187.x 

Scossa F, Brotman Y, Lima FdA, Willmitzer L, Nikoloski Z, Tohge T, Fernie AR (2016) 

Genomics-based strategies for the use of natural variation in the improvement of crop 

metabolism. Plant Science 242, 47-64. https://doi.org/10.1016/j.plantsci.2015.05.021 

Shachar-Hill Y, Pfeffer PE, Douds D, Osman SF, Doner LW, Ratcliffe RG (1995) 

Partitioning of intermediary carbon metabolism in vesicular-arbuscular mycorrhizal 

leek. Plant Physiology 108, 7-15. https://doi.org/10.1104/pp.108.1.7 

Shah N, Paulsen G (2003) Interaction of drought and high temperature on photosynthesis and 

grain-filling of wheat. Plant and soil 257, 219-226. 

https://doi.org/10.1023/A:1026237816578 

Sharanya C, Sabu A, Haridas M (2020) Plant Metabolomics: Current Status and Prospects. 

In "Plant Metabolites: Methods, Applications and Prospects", pp. 1-22. Springer. 

https://doi.org/10.1007/978-981-15-5136-9_1 

Shen W, Wei Y, Dauk M, Tan Y, Taylor DC, Selvaraj G, Zou J (2006) Involvement of a 

glycerol-3-phosphate dehydrogenase in modulating the NADH/NAD+ ratio provides 

evidence of a mitochondrial glycerol-3-phosphate shuttle in Arabidopsis. The Plant 

Cell 18, 422-441. https://doi.org/10.1105/tpc.105.039750 

Shulaev V, Cortes D, Miller G, Mittler R (2008) Metabolomics for plant stress response. 

Physiologia plantarum 132, 199-208. https://doi.org/10.1111/j.1399-

3054.2007.01025.x 

Singh S, Parihar P, Singh R, Singh VP, Prasad SM (2016) Heavy metal tolerance in plants: 

role of transcriptomics, proteomics, metabolomics, and ionomics. Frontiers in plant 

science 6, 1143. https://doi.org/10.3389/fpls.2015.01143 

Sivaram AK, Subashchandrabose SR, Logeshwaran P, Lockington R, Naidu R, Megharaj M 

(2019) Metabolomics reveals defensive mechanisms adapted by maize on exposure 

to high molecular weight polycyclic aromatic hydrocarbons. Chemosphere 214, 771-

780. https://doi.org/10.1016/j.chemosphere.2018.09.170 

Smale M, Bellon MR, Aguirre Gomez JA (2001) Maize diversity, variety attributes, and 

farmers’ choices in Southeastern Guanajuato, Mexico. Economic development and 

cultural change 50, 201-225. 

Sumner LW, Mendes P, Dixon RA (2003) Plant metabolomics: large-scale phytochemistry 

in the functional genomics era. Phytochemistry 62, 817-836. 

https://doi.org/10.1016/S0031-9422(02)00708-2 

Sun C, Gao X, Chen X, Fu J, Zhang Y (2016a) Metabolic and growth responses of maize to 

successive drought and re-watering cycles. Agricultural Water Management 172, 62-

73. https://doi.org/10.1016/j.agwat.2016.04.016 

https://doi.org/10.1111/j.1365-313X.2004.02187.x
https://doi.org/10.1016/j.plantsci.2015.05.021
https://doi.org/10.1104/pp.108.1.7
https://doi.org/10.1105/tpc.105.039750
https://doi.org/10.1111/j.1399-3054.2007.01025.x
https://doi.org/10.1111/j.1399-3054.2007.01025.x
https://doi.org/10.3389/fpls.2015.01143
https://doi.org/10.1016/j.chemosphere.2018.09.170
https://doi.org/10.1016/S0031-9422(02)00708-2
https://doi.org/10.1016/j.agwat.2016.04.016


99 

 

Sun C, Gao X, Fu J, Zhou J, Wu X (2015) Metabolic response of maize (Zea mays L.) plants 

to combined drought and salt stress. Plant and soil 388, 99-117. 

https://doi.org/10.1007/s11104-014-2309-0 

Sun C, Gao X, Li M, Fu J, Zhang Y (2016b). Plastic responses in the metabolome and 

functional traits of maize plants to temperature variations. Plant biology 18, 249-261. 

https://doi.org/10.1111/plb.12378 

Sun C, Li M, Gao X, Liu L, Wu X, Zhou J (2016c) Metabolic response of maize plants to 

multi‐factorial abiotic stresses. Plant Biology 18, 120-129. 

https://doi.org/10.1111/plb.12305 

Suzuki N, Rivero RM, Shulaev V, Blumwald E, Mittler R (2014) Abiotic and biotic stress 

combinations. New Phytologist 203, 32-43. https://doi.org/10.1111/nph.12797 

Tang W, Hazebroek J, Zhong C, Harp T, Vlahakis C, Baumhover B, Asiago V (2017) Effect 

of genetics, environment, and phenotype on the metabolome of maize hybrids using 

GC/MS and LC/MS. Journal of agricultural and food chemistry 65, 5215-5225. 

https://doi.org/10.1021/acs.jafc.7b00456 

Tang YY, Lin HY, Chen YC, Su WT, Wang SC, Chiueh LC, Shin YC (2013) Development 

of a quantitative multi-mycotoxin method in rice, maize, wheat and peanut using 

UPLC-MS/MS. Food Analytical Methods 6, 727-736. 

https://doi.org/10.1007/s12161-012-9473-8 

Thornton P (2003) The potential impacts of climate change in tropical agriculture: the case 

of maize in Africa and Latin America in 2055. Glob Environ Chang 13, 51-59. 

https://doi.org/10.1016/S0959-3780(02)00090-0 

Ureta C, González EJ, Espinosa A, Trueba A, Piñeyro-Nelson A, Álvarez-Buylla ER (2020) 

Maize yield in Mexico under climate change. Agricultural Systems 177, 102697. 

https://doi.org/10.1016/j.agsy.2019.102697 

Ureta C, Martãnez-Meyer E, González E, Álvarez-Buylla E (2016) Finding potential high-

yield areas for Mexican maize under current and climate change conditions. The 

Journal of Agricultural Science 154, 782. doi:10.1017/S0021859615000842 

Ureta C, Martínez‐Meyer E, Perales HR, Álvarez‐Buylla ER (2012) Projecting the effects of 

climate change on the distribution of maize races and their wild relatives in Mexico. 

Global Change Biology 18, 1073-1082. https://doi.org/10.1111/j.1365-

2486.2011.02607.x 

van der Velde M, Wriedt G, Bouraoui F (2010) Estimating irrigation use and effects on maize 

yield during the 2003 heatwave in France. Agriculture, Ecosystems & Environment 

135, 90-97. https://doi.org/10.1016/j.agee.2009.08.017 

Varghese RS, Zhou B, Ressom H (2011) Meta-analysis of LC-MS based metabolomic 

experiments. In "2011 IEEE International Conference on Bioinformatics and 

Biomedicine Workshops (BIBMW)", pp. 157-164. IEEE. doi: 

10.1109/BIBMW.2011.6112369. 

Verslues PE, Juenger TE (2011) Drought, metabolites, and Arabidopsis natural variation: a 

promising combination for understanding adaptation to water-limited environments. 

https://doi.org/10.1111/plb.12378
https://doi.org/10.1111/plb.12305
https://doi.org/10.1111/nph.12797
https://doi.org/10.1021/acs.jafc.7b00456
https://doi.org/10.1016/S0959-3780(02)00090-0
https://doi.org/10.1016/j.agsy.2019.102697
https://doi.org/10.1111/j.1365-2486.2011.02607.x
https://doi.org/10.1111/j.1365-2486.2011.02607.x
https://doi.org/10.1016/j.agee.2009.08.017


100 

 

Current opinion in plant biology 14, 240-245. 

https://doi.org/10.1016/j.pbi.2011.04.006 

Vile D, Pervent M, Belluau M, Vasseur F, Bresson J, Muller B, Granier C, Simonneau T 

(2012) Arabidopsis growth under prolonged high temperature and water deficit: 

independent or interactive effects? Plant, cell & environment 35, 702-718. 

https://doi.org/10.1111/j.1365-3040.2011.02445.x 

Wahid A, Gelani S, Ashraf M, Foolad MR (2007) Heat tolerance in plants: an overview. 

Environmental and experimental botany 61, 199-223. 

https://doi.org/10.1016/j.envexpbot.2007.05.011 

Wallenius CR, Concheiro Bórquez L (2016) Sin maíz no hay país. Luchas indígenas y 

campesinas por la soberanía alimentaria y un proyecto de nación en México. Año 19, 

215-235. 

Wang L, Beissinger TM, Lorant A, Ross-Ibarra C, Ross-Ibarra J, Hufford MB (2017) The 

interplay of demography and selection during maize domestication and expansion. 

Genome biology 18, 1-13. https://doi.org/10.1186/s13059-017-1346-4 

Wang QL, Chen JH, He NY, Guo FQ (2018) Metabolic reprogramming in chloroplasts under 

heat stress in plants. International journal of molecular sciences 19, 849. 

https://doi.org/10.3390/ijms19030849 

Wei TJ, Li G, Wang MM, Jin YY, Zhang GH, Liu M, Yang HY, Jiang CJ, Liang ZW (2021) 

Physiological and transcriptomic analyses reveal novel insights into the cultivar-

specific response to alkaline stress in alfalfa (Medicago sativa L.). DOI: 

10.21203/rs.3.rs-292953/v1 

Wen W, Li D, Li X, Gao Y, Li W, Li H, Liu J, Liu H, Chen W, Luo J, (2014) Metabolome-

based genome-wide association study of maize kernel leads to novel biochemical 

insights. Nature communications 5, 1-10. https://doi.org/10.1038/ncomms4438 

Wen W, Li K, Alseekh S, Omranian N, Zhao L, Zhou Y, Xiao Y, Jin M, Yang N, Liu H 

(2015) Genetic determinants of the network of primary metabolism and their 

relationships to plant performance in a maize recombinant inbred line population. The 

Plant Cell 27, 1839-1856. https://doi.org/10.1105/tpc.15.00208 

Wiszniewska A (2021) Priming Strategies for Benefiting Plant Performance under Toxic 

Trace Metal Exposure. Plants 10, 623. https://doi.org/10.3390/plants10040623 

Witt S, Galicia L, Lisec J, Cairns J, Tiessen A, Araus JL, Palacios-Rojas N, Fernie AR (2012) 

Metabolic and phenotypic responses of greenhouse-grown maize hybrids to 

experimentally controlled drought stress. Molecular plant 5, 401-417. 

https://doi.org/10.1093/mp/ssr102 

Xu G, Cao J, Wang X, Chen Q, Jin W, Li Z, Tian F (2019) Evolutionary metabolomics 

identifies substantial metabolic divergence between maize and its wild ancestor, 

teosinte. The Plant Cell 31, 1990-2009. https://doi.org/10.1105/tpc.19.00111 

Yamaguchi-Shinozaki K, Shinozaki K (2006) Transcriptional regulatory networks in cellular 

responses and tolerance to dehydration and cold stresses. Annu. Rev. Plant Biol. 57, 

781-803. https://doi.org/10.1146/annurev.arplant.57.032905.105444 

https://doi.org/10.1016/j.pbi.2011.04.006
https://doi.org/10.1111/j.1365-3040.2011.02445.x
https://doi.org/10.1016/j.envexpbot.2007.05.011
https://doi.org/10.1186/s13059-017-1346-4
https://doi.org/10.3390/ijms19030849
https://doi.org/10.1105/tpc.15.00208
https://doi.org/10.3390/plants10040623
https://doi.org/10.1093/mp/ssr102
https://doi.org/10.1105/tpc.19.00111
https://doi.org/10.1146/annurev.arplant.57.032905.105444


101 

 

Yang L, Fountain JC, Ji P, Ni X, Chen S, Lee RD, Kemerait RC, Guo B (2018) Deciphering 

drought‐induced metabolic responses and regulation in developing maize kernels. 

Plant biotechnology journal 16, 1616-1628. https://doi.org/10.1111/pbi.12899 

Yang S, Vanderbeld B, Wan J, Huang Y (2010) Narrowing down the targets: towards 

successful genetic engineering of drought-tolerant crops. Molecular plant 3, 469-490. 

https://doi.org/10.1093/mp/ssq016 

Yolcu S, Ozdemir F, Güler A, Bor M (2016) Histone acetylation influences the 

transcriptional activation of POX in Beta vulgaris L. and Beta maritima L. under salt 

stress. Plant Physiology and Biochemistry 100, 37-46. 

https://doi.org/10.1016/j.plaphy.2015.12.019 

Zhang A, Sun H, Wang P, Han Y, Wang X (2012). Modern analytical techniques in 

metabolomics analysis. Analyst 137, 293-300. https://doi.org/10.1039/C1AN15605E 

Zhang S, Gowda GN, Asiago V, Shanaiah N, Barbas C, Raftery D (2008) Correlative and 

quantitative 1H NMR-based metabolomics reveals specific metabolic pathway 

disturbances in diabetic rats. Analytical biochemistry 383, 76-84. 

https://doi.org/10.1016/j.ab.2008.07.041 

Zhang, X, Zhang R, Li L, Yang Y, Ding Y, Guan H, Wang X, Zhang A, Wen H (2020) 

Negligible transcriptome and metabolome alterations in RNAi insecticidal maize 

against Monolepta hieroglyphica. Plant Cell Reports 39, 1539-1547. 

https://doi.org/10.1007/s00299-020-02582-4 

Zheng S, Yu M, Lu X, Huo T, Ge L, Yang J, Wu C, Li F (2010) Urinary metabonomic study 

on biochemical changes in chronic unpredictable mild stress model of depression. 

Clinica Chimica Acta 411, 204-209. https://doi.org/10.1016/j.cca.2009.11.003 

Zulfiqar F, Akram NA, Ashraf M (2020) Osmoprotection in plants under abiotic stresses: 

New insights into a classical phenomenon. Planta 251, 1-17. 

https://doi.org/10.1007/s00425-019-03293-1 

 

 

 

 

 

 

https://doi.org/10.1111/pbi.12899
https://doi.org/10.1093/mp/ssq016
https://doi.org/10.1016/j.plaphy.2015.12.019
https://doi.org/10.1039/C1AN15605E
https://doi.org/10.1016/j.ab.2008.07.041
https://doi.org/10.1016/j.cca.2009.11.003


102 

 

Chapter III: Metabolomic profiles of native genotypes of maize (Zea mays L.) seedlings 

from warm-dry, temperate, and hot and humid environments grown under related 

effects of climate change 

 

Idrissa Diédhiou1,2,*, Hugo M. Ramírez-Tobías1,2,*, Javier Fortanelli-Martinez3, 

Rogelio Flores-Ramírez4  

1,* Programa Multidisciplinario de Posgrado en Ciencias Ambientales, Universidad 

Autónoma de San Luis Potosí. Av. Manuel Nava 201, 2o. piso, Zona Universitaria, C.P. 

78000, San Luis Potosí, México 

2,* Universidad Autónoma de San Luis Potosí. Facultad de Agronomía y Veterinaria, 

Carretera San Luis Potosí-Matehuala Km. 14.5 C.P. 78321. Soledad de Graciano Sánchez, 

San Luis Potosí, México  

3 Instituto de Investigación de Zonas Desérticas. Universidad Autónoma de San Luis Potosí. 

Calle Altair N° 200, Colonia del Llano. San Luis Potosí, C.P. 78377.  México  

4 Centro de Investigación Aplicada en Ambiente y Salud, CIACYT-Medicina, Universidad 

Autónoma de San Luis Potosí, C.P. 78210. México 

*Corresponding authors: hugo.ramirez@uaslp.mx; idrissboy01@gmail.com 

 

Abstract 

Introduction Maize is the most important crop in Mexico and is grown in a range of climates. 

The increase in temperature and accentuation of water stress has resulted in negative effects 

on ecophysiological processes. Despite this, there is no report on the metabolomic profile of 

native genotypes of maize seedlings grown under the related effects of climate change. 

Objective To determine the metabolomic profiles of 12 native maize genotypes seedlings 

from different climates grown under related conditions of climate change with the gas 

chromatography/mass spectrometry technique. 

Method 25, 30, and 35°C were proposed because they were related to the temperature 

increase. The simulation of water stress was performed using PEG-8000 (-0.5, -1, and -1.5 

MPa), a control (0 MPa) was used. Germination experiments were performed; after 16 days, 

the metabolomic profiles of each native genotype were determined.  

Results Principal component analysis demonstrated variation depending on temperature and 

water stress. 15 major metabolites were discovered under heat stress. A clear separation 

between samples from different climates was observed. Secondary metabolites and their 

possible metabolic pathways found in the different treatments were shown. The results 

mailto:hugo.ramirez@uaslp.mx
mailto:idrissboy01@gmail.com
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showed that the highest correlation coefficients were found in the combination of high 

temperatures and water stress. 

Conclusions The results provide significant baseline information for assessing possible ways 

to counterattack abiotic stresses in native genotypes in the early stage of growth.  

 

Keywords: Heat, water deficit, abiotic stress, secondary metabolites, multivariable analysis  
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Introduction 

Climate change is a threat not only to this country but to the entire world, and its impact on 

maize (Zea mays L.) would be particularly severe in Mexico, which is its center of origin and 

diversification (Msowoya et al., 2016). Smallholder ’communities have made their genetic 

evolution possible, allowing their gradual adaptation to climatic variations.  

A recent study reported by (Pelcastre et al., 2021) demonstrated the importance of this crop 

also with an analysis of the perspectives on native maize conservation in Mexico from a 

public program. Then, maize is the most important crop cultivated, being central to the diets 

of both urban and rural consumers, particularly the poor. It occupies the largest planted area 

in the country devoted to any crop and involves cultivation by a large number of smallholders 

(Bellon et al., 2021; Montgomery et al., 2021). According to Ibarrola-Rivas et al. (2020), 

79% of the Mexican farmers o locally called “campesinos” use native seeds for its cultivation 

and that use depends on the type of agriculture. However, their production is often limited 

due to a variety of causes, such as water stress, plagues, and diseases, among others, as well 

as the connected effects of climate change, which constitute economic losses, particularly for 

smallholder farmers. (Donatti et al., 2019). 

In Mexico, climate change can cause an increase in the average annual temperature from 1 

to 4°C and decrease in the average annual precipitation from 0.4 to 1.4 times during this 

century (Allen et al., 2018; Change, 2007). The increase in temperature related to climate 

change and the accentuation of water stress have resulted in negative effects on 

ecophysiological processes such as germination and seedling establishment (Aragón‐

Gastélum et al., 2017; Walck et al., 2011). Taking into account that plant species are sensitive 

to temperature, water stress and their combination (heat and water stress) and suffer when 

these are low or very high with respect to the thresholds defined for each specie (Choudhary 

et al., 2020).  

The genetic information contained in native or creole maize could be strategic for the future 

development of maize varieties, both creole/native and commercial hybrids, capable of 

adapting to the expected climate change scenarios in different parts of the world (Bellon et 

al., 2017; Mercer and Perales, 2010). This due to in México, there are 59-64 local varieties 

which are fundamental for future genetic improvement efforts that could generate new, 

environmentally resilient varieties. However, maize is highly sensitive to environmental 

deficiencies such as the availability of water, salinity, which combined with the perceived 

temperature as stress represent limitations of the environment for this crop (Cramer et al., 

2011; Kato et al., 2009). 

Maize yield is frequently limited when suffered from the individual or the combined abiotic 

stresses in future climates. Increases in frequency and magnitude of water stress and heat 

stresses are the prime abiotic constraints that cause considerable adverse effects on maize 
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production (Hatfield et al., 2011; Lesk et al., 2016; Liu et al., 2020c; van der Velde et al., 

2010). As the climate continues to change drastically, it may be more difficult to obtain 

enough yields. Therefore, the continuing challenges of environmental stresses such as water 

stress, extreme temperatures, frost and heavy metal pollution must be taken into account to 

increase maize production (Feng et al., 2020). 

Abiotic stress is one of the most challenging of all major constraints on crop production and 

is directly related to changes in various cellular metabolic pathways (Chebrolu et al., 2016; 

Clarke et al., 2013). Maize production is often affected by abiotic stress, for example a recent 

study predicted that the temperature increase and changes in precipitations related to the 

effect of climate change will have negative impact on Mexican maize yield (Ureta et al., 

2020). Research on plant traits related to abiotic stress is difficult and complicated because 

under field conditions, crops are often subjected to multiple stresses that can cause various 

plants responses that may be additive, synergistic or antagonistic (Meena et al., 2017; Prasch 

and Sonnewald, 2015; Zhang et al., 2012). 

Plants recurrently survive up with the rapid variations and adversity of environmental 

conditions because of their intrinsic metabolic capabilities (Manova and Gruszka, 2015; 

Rawat et al., 2020; Wiszniewska, 2021). In the particular case of maize crop, their 

metabolomics response to abiotic stress were studied in different conditions as heat 

(Christensen et al., 2021; Dong et al., 2021; Qi et al., 2017; Sivaram et al., 2019), water stress 

(Benešová et al., 2012; Benevenuto et al., 2017; Hu et al., 2011; Hu et al., 2012; Huang et 

al., 2012; Naveed et al., 2014), combined heat and water stress (Georgii et al., 2017; Gong et 

al., 2014; Obata et al., 2015).  

Hence, the need to understand the mechanism of defense of plants with the use of 

metabolomics as a newly developed discipline in which it is intended to address the unbiased 

study of all metabolites present in a tissue, organ or organism at a particular point in its 

development or under particular environmental conditions, thus enabling the assessment of 

the contribution of genetic and/or environmental factors to the modification of metabolism 

(Fiehn, 2001). In this sense, the objective of this study was to evaluate the metabolomic 

profiles of native maize seedlings from warm-dry, temperate and hot and humid climates of 

the state of San Luis Potosí, México grown in controlled environments related to some effects 

of climate change (temperature increase and water deficit) by Gas Chromatography/Mass 

Spectrometry (GC/MS) techniques. The above-mentioned, with the hypothesis that 

metabolomics profiles of native genotypes adapted to specific local conditions could be 

different and in dependence of their origins when exposed to related effects of climate 

change. 
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Material and methods 

Study sites and their environmental factors 

The state of San Luis Potosí (SLP) is characterized by having basically three important agro-

ecological regions. 1) Huasteca: formed by the foothills of the "Sierra Madre Oriental", it 

has a territory of 10,676.5 km2 and its altitude varies between 50 and 800 m asl. It has 

extensive fertile plains and represents a hot and humid climate. 2) Media: with elevations 

ranging from 883 to 2000 m asl, its territorial extension is 13,509 km2, and it has a steppe 

and temperate climate, with average rainfall ranging from 500 to 700 mm per year; 

occasionally frost and hail occur at the start of the rainy season. 3) Altiplano: with a warm-

dry climate, it is located in the state's northern and western sections. In this region, the 

average temperature fluctuates between 15 and 20°C and it has an average height of 

approximately 2,000 m asl, where early frost in October and late frost in May are common. 

Selection of native genotypes of maize 

The materials evaluated were collected in the state of SLP in Mexico., in which, with basis 

on the mean annual of temperature and precipitation; three areas were identified whose 

average temperature and precipitation are around 14.5, 18.5 and 22.5 °C; 400, 700 and 1200 

mm respectively (Diédhiou et al., 2021; Noyola-Medrano et al., 2009). Such areas were 

denominated Altiplano, Media and Huasteca respectively, and some features are described 

(Table 1; supplementary data). A total of 37 distributed samples were obtained in the 

following way; 10 from the region of Altiplano, 11 from Media and 16 from Huasteca.  

The collected samples were assessed as established by Carballo and Benítez (2003). This 

way a total of 14 variables were described: longitude (cm), diameter (mm) and conicity of 

cob, number of rows per cob, number of grains per row, row arrangement, color and grain 

type, dry weight of 100 seeds (g), volume (mL) of 100 seeds in 50mL, longitude (mm); 

thickness (mm) and wide (mm) of grain, phenological term (months). On the previous data 

were added, data on thermal and rainfall conditions facilitated by the producer. Such 

information was systematized on the following scale: low by the number one, regular by the 

number two, and high by the number three.  

Statistical analysis of the native collected genotypes of maize 

With the objective of containing the samples in conglomerates (clusters) with high grade of 

internal homogeneity and external heterogeneity among the samples and to select 

representative samples from the all collected, a multivariate analysis was carried out to form 

groups (Sanjinez and Otiniano, 2019).  
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Germination and growth conditions of native maize seedlings: treatments of 

temperature and simulation of water stress 

Germination experiments were made in controlled conditions of constant temperature (25, 

30 and 35°C) and water potential [0 (control), -0.5, -1.0, and -1.5MPa]. The temperatures 

were proposed for having relationship with scenarios of increase temperature due to effects 

of climate change (Table 1; supplementary data). The conditions of soil humidity were 

determined at different levels of water potential since a very big variation in the quantity of 

rain received in a month through the successive years is expected (Jiménez and Mendoza, 

2019).  

The simulation of water deficit in the substrates was carried out with polyethylene glycol 

8000 (PEG-8000) as solution, with the purpose of simulating variations in the availability of 

soil humidity (Huang et al., 2018). This solution was used because it has been documented 

that it doesn't present toxicity on seeds and has used on maize seeds (Khalil et al., 2001). A 

control was also used with water potential of 0 MPa from deionized water.  

To know the quantity of necessary PEG-8000 to obtain the potential water desired, the 

formula proposed by (Michel, 1983) was used:  

 

PEG =
4 − (5.16φT − 560φ + 16)0.5

2.58T − 280
     

Where: 

PEG: Kg of PEG per liter of deionized water 

φ: Required water potential in bars (1 bar= 0.1MPa) 

T: Temperature of prepared solution 

The three water potentials (-0.5, -1 and -1.5MPa) were obtained by mixing deionized water 

and 145, 290 and 400g L-1 of PEG-8000 respectively (Diédhiou et al., 2021). Water potential 

of each solution was measured in a psychometric camera (WPA Dewpoint PotentiaMeter, 

Decagon Devices Inc.). Samples of the solutions were taken approximately and were placed 

in plastic trays in circular way 40mm of diameter by 12 mm deep. The measurements 

obtained allowed to verify the correct use of the wanted potentials.  
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Preparation of seedlings extracts and metabolomics analysis by gas chromatography 

coupled to mass spectrometry (GC-MS) 

Seedlings germinated at different temperatures and water stress at 16 days after germination 

was used for metabolomics analysis. Therefore, plant extracts were used following the 

protocol used by our research team (de León-Martínez et al., 2019a; de León-Martínez et al., 

2019b; Diaz de Leon-Martinez et al., 2020). 

It was described below: 0.1 g of each seedling (stem) was weighed and cut into very small 

particles. They were then placed in glass vials and 8 mL of the hexane mixture was added: 

acetone (1:1) for each sample (well specified temperature and water stress level). Then each 

sample underwent sonication at a low temperature and one pulse every second for 1 minute. 

Each tube was then centrifuged at 3500 rpm for 5 minutes in order to settle the seedlings 

fragments at the bottom of the tube. Once centrifuged, the solvent was removed and placed 

in 15 mL tubes to be evaporated with nitrogen for 15 minutes at 28 °C, to remove the solvent. 

At the end of the solvent evaporation (acetone), the samples were concentrated at 1 mL, 

which was transferred to microvials. 

The metabolomic analysis was carried out on a GC-MS (Agilent Technologies Model 

5973inert) under the following conditions: oven settings were as follows: 60°C (2 min), 

180°C (5°C / min), 200°C (2°C / min), 300°C (10°C / min), 310°C (10°C / min) 5 min, with 

a run time of 52 min. The injector temperature was 230°C in splitless mode. Helium was 

used as carrier gas at a linear rate of 1.0 ml/min. The mass spectrometer was run in SCAN 

mode (50-500 m/z) to identify compounds. Results were obtained and processed using 

Chemstation Software (Agilent). 

Characterization of metabolomics profiles 

The characterization of the compounds was carried out through the use of Agilent 

Technologies equipment (model 5973inert), which provided for each sample the compounds 

identified by peak number, retention time, percentage of area, name of the compound, 

Chemical Abstractyts Service (CAS) number. The following information made it possible to 

identify the metabolites and the Qual parameter. Taking into account that the Qual is the 

percentage that indicates the probability of a compound being detected by the GC-MS. For 

this research, each peak was identified with a Qual greater than or equal to 30. 

 

Chemometric analysis  

To evaluate the metabolomic profiles of the study, Principal Component Analysis (PCA) and 

Canonical Principal Coordinate Analysis (CAP) were performed. CAP was performed using 

the multivariate data cloud that best discriminated between groups (temperature and water 

stress level). CAP analysis Anderson and Willis (2003) was based on Euclidean distance 

matrices calculated from log(X + 1)-transformed normalized data of chromatographic peak 
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area (62 compounds analyzed); differences between groups were calculated using 9999 

permutations. The CAP procedure included cross-validation in order to leave out a procedure 

to predict group membership and thus obtain overall classification success rates. Using the 

leave out method in which a single observation is extracted from the training set, and then a 

CAP model is built with the rest of the set, finally the excluded observation is classified in 

the canonical space and the correct classification of the excluded observation is determined. 

This is performed for each of the observations in the data set and then the proportion of 

observations that were misclassified is calculated. The relationships of the analyzed 

compounds with the CAP axis were assessed by Spearman correlation. Statistical 

significance was determined using 5 and 1%. Multivariate analysis was performed using the 

Primer 7+ Permanova software package (v7.0.12 and v1.0.6; PRIMER-E Lt., Ivybridge, UK) 

and metabolite identification via the website https://plantcyc.org/; Plant Metabolic Network 

(PMN) which provides an extensive network of plant metabolic pathway databases 

containing curated information from computational literature and analysis on genes, 

enzymes, compounds, reactions and pathways involved in the primary and secondary 

metabolism of plants. 

The PCA was obtained through the multivariate data cloud that was the best to discriminate 

between predefined groups (CC, CIN, and controls). PCA provides a summary of all the 

variables entering in the statistical analysis by finding correlations among the variables. 

Following correlation, it reduces the variables into a smaller number of principal components 

which is responsible for the possible variance in the observed variables. Finally, PCA 

expressed the whole data sets in a global and qualitative visual pattern, highlighting 

similarities and differences between and within the sample (Naz et al., 2014). Partial least 

squares discriminant analysis (PLS-DA) and variable importance in projection (VIP) were 

performed to identify the differential sensors among groups and to rank the sensor's response 

according to their importance in discriminating groups. PLS-DA is a supervised statistical 

method that uses multivariate regression techniques to extract, by a linear combination of 

independent variables, information to predict class belonging. It is used to improve separation 

between groups by rotating the PCA components to obtain a maximum separation. 

All variables were transformed to a Euclidean distance dissimilarity matrix calculated from 

normalized (X- mean/standard deviation) and log(X + 1)-transformed data pre-processed 

from the 32-sensor R data; the difference between groups was calculated using 9999 

permutations (Rodríguez-Aguilar et al., 2021a; Rodríguez-Aguilar et al., 2021b). Canonical 

Analysis of Principal Coordinates (CAP) was then used to ordinate the matrices, and to 

further determine the level of misclassification between sampling regions the method of 

leave-one-out was applied to variables in canonical space (using a K-fold) to predict group 

associations and thus obtain the overall classification success rates, using a value of m= 3. 

Additionally, the CAP model was employed to predict the clustering of the new samples. The 

associations of the analysed sensors with the CAP axis were evaluated by Spearman 

correlation. 

 

https://plantcyc.org/
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Results 

Genetic materials  

After the multivariable analysis of the 37 samples of maize collected in all the state of SLP, 

the resulting groups of the cluster analysis used in this investigation were: white maize’s of 

5 months of life cycle (genotypes A3, A4 and A8), white maize of 3 months (genotype A9) 

and purple maize (genotype A10) of 4 months of the region of Altiplano (warm-dry climate); 

white maize of 4 months (genotype M2), purple maize of 3 months (genotype M4) and black 

maize of 3 months (genotype M11) of the region of Media (temperate climate), white maize’s 

of 4 and 3 months (genotypes H4 and H11 respectively) and yellow maize’s of 3 months 

(genotypes H9 and H10) of the region of Huasteca (hot and humid climate). In addition, in 

Figure 1 characteristics and conditions of the seed samples collected were given for each 

environment by the smallholders. 

 

Figure 1. Seed conditions for storage by the smallholders in the three environments of 

the state of San Luis Potosí (México). A: Huasteca (hot and humid climate); B: Media 

(temperate climate), and C: Altiplano (warm-dry climate). 
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Metabolomics profiles of native genotypes of maize seedlings under heat stress 

For Metabolic fingerprinting, the GC–MS was used to identify metabolomic changes in 

maize seedlings under different temperatures. Figure 2 shows the Principal Components 

Analysis (PCA) of metabolites found depending on the abiotic factor temperature. A natural 

variation was observed between the metabolites by study groups, which was explained by 

approximately 13% and 7% of the components 2 and 1 respectively (Figure 2a). Similarly, 

the metabolites found formed three groups with a significant difference between the 

metabolites found at 30°C and 35°C while for the latter there is similarity with those found 

at 25°C. This result demonstrated good sample separation, and it was discovered that some 

of the high temperature samples (35°C) were grouped in the same area as the low temperature 

group used in this investigation (25°C), causing the two groups (25 and 35°C) to overlap 

while 30°C's separated into a single group (Figure 2b). 

 
Figure 2. Partial Least Squares-Discriminant Analysis (PLS-DA). a) plot of component 

1 vs. component 2; b) Plot of variable importance in projection. 

 

There were a total of 15 major metabolites discovered, each of which manifested on a high 

and/or low scale depending on the temperature (Figure 2b). They were determined with the 

help of the Variable Importance of Projection (VIP). The VIP indicates the importance that 

a certain variable has in a model. As a result, the metabolite will be more important as the 

VIP increases. At 30°C, the metabolites propanoic acid, benzothiazole, oxime-, methoxy-

phenyl, hexadecanoic acid, and beta.-D-ribopyranoside, methyl; octadecanoic acid; 4-

cyclohexene and butanoic acid were high while 6-methoxy-2-benzoxazolinone; 2-pentanone-

4; benzofuran, 2; 4-methoxybenze; heneicosane; 2 (3) H-benzoxazolone and 1H-indole-2,3 

were low. At 35°C only 4-methoxybenze was high while propanoic acid; benzothiazole; 

hexadecanoic acid; beta.-D-ribopyranoside, methyl; octadecanoic acid; 4-cyclohexene y 

butanoic acid were reported low. In contrast, at 25°C, metabolites 6-methoxy-2-
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benzoxazolinone; 2-pentanone-4; benzofuran, 2; heneicosane y 2 (3) H-benzoxazolone were 

reported high while only oxime-, methoxy-phenyl was low (Figure 2a and table 1). 

Table 1. Fifteen most important metabolites identified and their chemical formula. 

Number Compounds Chemical formula 

1 Butanoic acid, 4-ethoxy-, methyl ester 

 
2 1H-Indole, 2-methyl-3-phenyl- 

 
3 2(3H)-Benzoxazolone 

 
4 Heneicosane  
5 4-Cyclohexene-1,2-dicarboximide, N-butyl 

 
6 4-Methoxybenzene-1,2-diol 

 
7 Octadecanoic acid, butyl ester 

 
8 beta.-D-Ribopyranoside, methyl 

 
9 Hexadecanoic acid, 1,1-dimethylethyl ester 

 
10 Benzofuran, 2,3-dihydro- 

 
11 2-Pentanone, 4-hydroxy-4-methyl- 

 
12 6-Methoxy-2-benzoxazolinone 

 
13 Oxime-, methoxy-phenyl 

 
14 Benzothiazole 

 
15 Propanoic acid 

 
 

After the PCA, a Canonical Analysis of Principal Coordinated (CAP) (Figure 3) was 

performed, which allowed to see the grouping of samples by temperature. Similarly, the 
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formation of temperature groups was observed where samples evaluated at 30°C was most 

prominent, while the two other temperatures (25 and 35°C) continued to show similarities. 

 

 

Figure 3. Canonical Analysis of Principal coordinated (CAP) of the seedlings of maize 

native genotypes from the three regions of the state of San Luis Potosí grown at different 

temperatures. VC: 25°C; T: 30°C and TC: 35°C. A: Altiplano; H: Huasteca and M: 

Media. 

 

Metabolomics profiles of native genotypes of maize seedlings under water stress and 

heat stress 

To further asses the relationship among the native maize genotypes from different climates, 

a heatmap as shown in Figure 5, was obtained after hierarchical cluster analysis of the 

metabolites profiles of the native maize seedlings. To find similarity between sample groups, 

this study utilized Euclidean distance in cluster analysis. In addition, the most intuitive and 

simple way to mathematically identify similarity between two objects, classes, or samples is 

the Euclidean distance measure (Uarrota et al., 2014). 
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So in native maize seedlings, two major clusters were identified. hexadecanoic acid, 

propanoic acid, octadecanoic acid, 4-cyclohexene-1-2, benzothiazole, 6-methyl, .beta.-D-

ribopyran, 1H-indole, 2-methyl, butanoic acid, 4-ethyl, oxime-, methoxy-pn formed the first 

cluster. In the other hand, the second cluster was formed by heptacosane, 1,2-

benzenedicarbone, 2-3, oxirane, 3-methyl, benzycynide, 2-3, dodecane, 2.5-dimethyl, 1H-

indole-2,3-dione, silane, 1,4-phenyl, 2-pentanone, 4-hyd, heneicosane, benzofuran, 2,3-di, 4-

methoxybenzene-1, 23H-benzoxazcione, 6-methoxy-2-benzox and mercaptophenyl.  

In addition a closer look on the heatmap, revealed three classes formed by the different 

temperature. Similarly, 30°C formed the first group being the most abundant metabolites: 

hexadecanoic acid; propanoic acid; octadecanoic acid; 4-cyclohexene-1,2-; benzothiazole; 

beta.-D-ribopyrane; 1H-indole, 2-methyl; butanoic acid and oxime-methoxy; dianhydro. The 

second class was represented by 35°C, which was abundant: heptacosane; benzenedicarbo; 

oxirane, 3-methyl; benzylcynide and dodecane while at 25°C formed by the third and last 

class, the abundance of metabolites was marked by the following metabolites: silane, 1,4-

phenyl; 2-pentanone, 4-hydroxy; heneicosane; benzofuran; 4-methoxybenzene; 23H-

benzosaxclione; 6-methoxy-2-benzox and 4-mercaptophenol (Figure 4).  
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Figure 4. Clustering results are shown as a heat map (Distance measurement using 

Euclidean, and clustering allogaritme using Ward.D) of metabolic expression patterns 

for all samples studied at different temperatures (25; 30 and 35°C) and water stress 

level (T1: 0 MPa; T2:-0.5 MPa; T3: -1 MPa; T4:-1.5 MPa), A: Altiplano; H: Huasteca; 

M: Media and MPa: Mega Pascal. 

A GC–MS was used to identify metabolomics changes in maize seedlings under different 

water stress at 30°C. Figure 5a shows the PCA of metabolites found at different level of water 

stress at this temperature. Similitude was found between water level T1 (0 MPa (control) and 

T2 (-0.5 MPa) while the others (T2 (-0.5 MPa) and T3 (-1.5 MPa)) formed another group 

with a significant difference between the two groups. This grouping corresponds to a 

metabolic difference between different environments caused by the combination of water and 

heat stress suffered by the seedlings in their initial growth conditions. In both cases, the 

metabolomic profiles allowed the discrimination of the samples, indicating that, although 

there are differences between different genotypes, the growth environment of the seedlings 

influences the metabolism.  
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Figure 5. Principal components analyses of the metabolites found in native maize 

seedlings grown at 30°C (a); and 35°C (b) at different levels of water stress. T1: 0 MPa; 

T2:-0.5 MPa; T3: -1 MPa and T4: -1.5 MPa. MPa : Mega Pascal. In 5b; T3 and T4 did 

not appear because the native genotypes did not germinated at 35°C. 

On the other hand, at 35°C, germination was zero at -1 and -1.5 MPa; therefore, PCA was 

performed with the two levels of water stress (0 and -0.5 MPa). In this sense, in most of the 

samples, there was similarity in the metabolites found for the two water potentials. However, 

some of the samples from Altiplano (A3 and A9) were highlighted under conditions of water 

stress and/or temperature increase (35°C) (Figure 5b).  

Secondary metabolites and their possible metabolic pathways found in the different 

treatments were shown. In this same sense, the most relevant correlation coefficients were 

highlighted for each CAP in each sample. The results showed that the highest correlation 

coefficients were found in the combination of high temperatures and water stress (Table 2; 

supplementary data). Thus, at 35°C/-0.5MPa; acetamide, N-[4-(trimethylsilyl) phenyl]- with 

0.77 correlation coefficient reported in biosynthesis of free phenylropanoid acid. 

Phenylpropanoids serve as pigments, phytoalexins, phytoanticipines, UV protectors and 

signaling molecules between plant and microbes, can polymerize and perform cell wall 

stability functions, provide structures for evapotranspiration (lignin) and protect plants from 

water loss (cutin, suberin). Similarly the Bis (2-ethylhexyl) phthalate (r2=0.71064) was very 

significant at 30°C/-1.5MPa (Table 2. Supplementary data). 

Taking into account that at 35°C/-0.5MPa is an environment in which plants lose a lot of 

water due to rapid evapotranspiration; the presence of phenylpropanoids allows them to 

protect the seedlings from lack of water among others. On the other hand, the number of 

more representative metabolites increased depending on environmental conditions. The same 

phenomenon highlights the need for seedlings to develop conditions necessary to survive in 

these adverse conditions. 
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Discussion 

Metabolomics profiles of native genotypes of maize seedlings under heat stress 

This study demonstrates the great potential of determining the metabolomics footprint from 

CG-MS in the combination or not of abiotic factors (temperature and water stress) faced by 

seedlings in their future growth environment (Figure 2, 3, 4 and 5 and Table 2 

(Supplementary data)). The results obtained in this study allow us to understand that the 

classification made using temperature suggests that, although the environment has an 

important influence on the composition of secondary metabolism, there is still a strong 

genetic component that determines (Arbona et al., 2014). According to Hasanuzzaman et al. 

(2013) the main consequence of the exposure of plants to high temperatures is the decrease 

of the carbon balance, as a result of the inactivation of the Rubisco4 and other crucial 

metabolites in the growth and adaptation of seedlings to thermal stress are sugars. In our 

work, thermal stress induced the production of secondary metabolites as was indicated by 

Wahid et al. (2007) who reported that phenols (flavonoids, anthocyanins, lignins, etc.) and 

carotenoids are the main compounds to be highlighted in these conditions of abiotic stress. 

In addition, under heat stress conditions, catabolism is stimulated and anabolism is inhibited; 

these changes promote survival and restore cellular homeostasis (Atkin and Tjoelker, 2003; 

Baena-González et al., 2007; Sung et al., 2003). Although there is no direct antecedent to the 

analysis of the complete metabolomics profile of the various organs of the native maize under 

different agronomic management environments, There are studies that report significant 

differences in the metabolic profiles of other crops such as soybeans (Glycine max) in their 

initial growth Zhang et al. (2016) who reported metabolomic profiles change in wild and 

cultivated soybean seedling leaves under salt stress. Also Kumar and Rai (2014) indicated 

that for wheat (Triticum aestivum L.), the heat stress induces an oxidative stress within the 

cell system, which is followed by an increase in the expression of proteins such as protein 

kinases, heat shock proteins, and antioxidant enzymes. In addition, they reported that, these 

stress proteins modulate the defense mechanisms of wheat by protecting the denaturation and 

aggregation of nascent proteins involved in various metabolic reactions.  In the other hand, 

Sun et al. (2016b) reported metabolomic profiles and metabolite levels in the leaves of three 

maize inbred lines grown in different temperatures [18/10°C (low temperature); 25/15°C 

(optimal temperature) and 35/25°C (high temperature)] conditions where our results were 

similar to those found by them because they mentioned a functional and metabolic plasticity 

may play different roles in maize plant adaptation to temperature variations. For example, 

tropical plants are damaged when exposed to temperatures below 10 ºC (chilling injury) and 

most species begin to have problems between 30 and 40°C. Small temperature increases 

(from 30 to 35ºC) can damage the reproductive organs of many crops, including wheat 

(Triticum aestivum (L). Thell), maize (Zea mays L.), rice (Oryza sativa L.), peanuts (Arachis 

hypogaea L.) and tomatoes (Solanum lycopersicum L.). Our research is a pioneer in 

determining the metabolic profile of native maize from different environment of the state of 
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San Luis Potosí. In the same way, the metabolomic profiles helped in classifying the native 

maize genotypes based on thermal variability. 

Metabolomics profiles of native genotypes of maize seedlings under water stress and 

heat stress 

The combination of water stress and heat stress represents an excellent example of two 

different abiotic stress conditions that occur in the field simultaneously (Moffat, 2002; Shah 

and Paulsen, 2003). In our investigation, a heatmap (Figure 4) was used to determine the 

combination of the two abiotic factors (heat and water stress) in maize seedlings. We found 

different metabolites determined by a combination of water stress and heat stress. In the same 

way, in terms of metabolomic profiles, more compounds related to water stress such as 

soluble carbohydrates and proline were manifested. The latter is listed as one of the 

compatible solutes that accumulate in greater quantity in stressed environments compared to 

other amino acids. Results that agree with Herrera Flores et al. (2012) findings when 

comparing bean cultivation to different water potentials. Previous researchers Aslam et al. 

(2015); Klimešová et al. (2017); Lavinsky et al. (2016) have reported that in response to some 

type of stress (water stress, salinity or cold), non-vacuolated root tip cells accumulate high 

proline levels in the chloroplast stoma and cytoplasm, while other solutes (sugars, organic 

acids, potassium) are accumulated in the vacuole. For example, water stress affects many 

processes involved in plant growth and development, including antioxidant capabilities, 

osmotic adjustment, photosynthetic rate reduction and abscisic acid accumulation. These 

processes are controlled by many proteins (Ilyas et al., 2021; Rahman et al., 2021).  

Metabolomic research on cereals has also provide valuable information, for instance, on the 

sugar and amino acid metabolism in the vegetative and reproductive organs of cereals under 

various environmental conditions (Comeau et al., 2010). For example, 10 hybrid maize lines 

were used under combined heat and water stress stresses, to identify promising metabolite 

markers to be used as part of a stress-tolerant maize breeding program. Analysis of maize 

leaf metabolite profiles combined with traits associated with grain yields showed that glycine 

and serine, two amino acids important for photorespiration, and the sugar alcohol myo-

inositol were accumulated under water stress and combined water stress and heat stress 

conditions. Moreover, statistical analysis revealed a significant correlation between glycine 

and myo-inositol contents and grain yields under water stress and combined water stress and 

heat stress. They also reported that the effect of water deficit stress was more influential than 

that of heat stress, and the tendency of metabolite accumulation under combined stress was 

closer to that under water stress than heat stress (Obata et al., 2015; Sato et al., 2004). Also 

a recent study in Populus simonii (water stress-tolerant variety) and Populus deltoides (water 

stress-susceptible variety), it was demonstrated that carbohydrates, amino acids, lipids and 

energy were involved in the response of the two cultures to water stress. In the same vein, 

they added that the citric acid cycle was significantly inhibited to conserve energy, while 

multiple carbohydrates that act as osmolites and osmoprotectors were induced to alleviate 
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the adverse effects of water stress. On the other hand, P. simonii underwent specific 

metabolic reprogramming that improved non-enzymatic antioxidants, coordinated the 

cellular carbon/nitrogen balance, and regulated wax biosynthesis (Jia et al., 2020). 

In our investigation, the presence of phenylpropanoids under heat and water stress (35°C/-

0.5 MPa) was notable and was related to the environment where the genotypes native of 

maize were grown. As indicated by Khlestkina (2013) who demonstrated that among 

secondary metabolites, phenolic compounds (e.g., flavonoids and phenylpropanoids) provide 

protection to plants against a range of biotic and abiotic stresses. This found collaborate with 

ours because of the combination of high temperature and the lack of water. However others 

authors associated the presence of phenylpropanoids with low stress temperature in maize 

seedlings (Mahmood et al., 2017). In the other hand the presence of phenylpropanoids was 

also associated to a single water stress in Caragana korshinskii plants (Liu et al. (2019)), in 

contrasting hybrid cultivars of maize (Liu et al. (2020a)) and in Jerusalem artichoke seedlings 

(Helianthus tuberosus L.) (Zhao et al., 2021). Also it was associated to heat stress as indicated 

by Dong and Lin (2021) who reported that phenylpropanoid metabolites are not dispensable, 

but are of vital importance for plant development and survival. It is important to note that 

previous studies have also reported that phenylpropanoids presence in plants is affected by 

growth and development, biotic and abiotic stresses (Batard et al., 1997; Bellés et al., 2008; 

Deng and Lu, 2017; Niinemets et al., 2013; Rastogi et al., 2019; Silva et al., 2012b; Solecka, 

1997) 

This study allowed to determine the metabolomic profiles of maize native genotypes 

seedlings from different environment of the state of San Luis Potosí and was able to identify 

differences related to the environment of origin (genetics) and the experimental conditions 

established in this work. Abiotic factors (increase in temperature and/or water stress and their 

combination) influenced both agronomic variables (Diédhiou et al. (2021)) and molecular 

characteristics. To the best of our knowledge, this study is a first in determining the 

metabolomic profiles in the early growth of native maize seedlings in Mexico, despite the 

fact that 80 to 100% of the country smallholders “campesinos” use native seeds for maize 

production. However, even if it was possible to determine the metabolomic profile of the 

native maize genotypes from different climates and to collaborate the differences between 

them from the two factors such as water stress, heat and their origin, we can say that our 

knowledge is limited because this first research was conducted in laboratory conditions 

where the factors are controlled differently from what really happens in the field where the 

maize genotypes face during their emergence and growth. 

Conclusions 

Untargeted metabolic profiling using Gas Chromatography/Mass Spectrometry (GC/MS) in 

combination with multivariate data analysis provided molecular differentiation of the native 

genotypes of maize from warm-dry, temperate, and hot and humid environments. As a result, 
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we now have a better understanding of the molecular diversity of these maize genotypes. 

Important metabolites in the different native maize genotypes were identified under heat, 

water stress and their combination and the origins of each genotype. The metabolite profiles, 

which show the relative content of the metabolites of the genotypes under related effects of 

climate change, will be useful baseline information for assessing the possible ways to 

counterattack abiotic stresses (water stress and heat) in native genotypes of maize. 
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Supplementary data 

Tab 1. Climatic characteristics and futures scenarios of temperature based on the mean 

annual temperatures (M.A.T.) of the three regions from the state of San Luis Potosí, 

México. 

Genotypes Region Predominate 

climate based on 

modifications of the 

Köppen climate 

classification 

system and M.A.T. 

Future mean annual 

temperature 

(M.A.T.) in short 

term (2010-2040) 

(M.A.T. + 0.75-1°C) 

Future mean 

annual 

temperature 

(M.A.T.) in long 

term (2070-2100) 

M.A.T. + 2.75-3.0 

°C) 

A3 

A4 

A8 

A9 

A10 

 

Altiplano 

BS1kw(e)gw" 

BSohw(e)gw" 

14.5°C 

15.25-15.5°C 17.25-17.5°C 

M2 

M4 

M11 

 

Media 

Cb(w2)(w)(I’) 

18.5°C 

19.25-19.5°C 21.25-21.5°C 

H4 

H9 

H10 

H11 

 

Huasteca 

(A)Cam(f)(e)w" 

Am(e)gw" 

22.5°C 

23.25-23.5°C 25.25-25.5°C 

     

References  García, 2004. IPCC, 2013b; Ávalos Lozano et al., 2017b. 
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Tab 2. Table 2. Secondary metabolites found and their coefficients of correlations (r2) 

with the Canonical Principal Coordinate Analysis (CAP) coordinates of the seedlings of 

native genotypes of maize at different temperature and water stress. 

Temperature 

(°C) 

Water 

Potential 

(MPa) 

Metabolites with the highest 

representation 

Coefficient of 

correlation (r2) 

Chemical formula   

25  0 .alpha.-D-Galactopyranoside, methyl 3,6-

anhydro-  

-0.38212 C7H12O5 

  Oxime-, methoxy-phenyl  -0.30246 C8H9NO2 

  4-Methyl-2,5-dimethoxybenzaldehyde  0.39726 C10H12O3 

 

  2-Amino-4,5-dimethoxyacetophenone  0.40715 C10H13NO3 

  Benzylcynide, 2-fluoro-3,4-dimethoxy-   -0.38188 C10H10FNO2 

  Cyclotrisiloxane, hexamethyl-  0.39493 C6H18O3Si3 

  Silane, 1,4-phenylenebis[trimethyl  0.42980 C12H22Si2 

  2-Hexanol, 2-methyl-  -0.31501 C7H16O 

  2-Benzothiazolamine, N-ethyl- 0.31052 C9H10N2S 

  3-Fluoro-4-methoxyphenylacetonitrile  -0.45860 C9H8FNO 

  Hexadecane, 2,6,10,14-tetramethyl-  -0.45828 C20H42 

     

30 0 4-Methyl-2,5-dimethoxybenzaldehyde  0.40894 C10H12O3 

  Benzylcynide, 2-fluoro-3,4-dimethoxy-  0.38583 C10H10FNO2 

  Tetracosane  0.33843 C24H50 

  Nonadecane  -0.36956 C19H40 

  2-Cyclopenten-1-one, 2-hydroxy-  0.35378 C5H6O2 

  3-Fluoro-4-methoxyphenylacetonitrile  0.41404 C9H8FNO 

  Benzenamine, 2,3,4,5,6-pentamethyl  0.39688 C11H17N 

  1H-Indole, 2-methyl-3-phenyl-  0.43872 C15H13N 

  Acetamide, N-[4-(trimethylsilyl)phenyl]-  0.42843 C19H25N5O3Si 

  Hexadecane, 2,6,10,14-tetramethyl-  -0.38617 C20H42 

  6-Methoxy-2-benzoxazolinone -0.33795 C8H7NO3 

 -0.5 Diethyl Phthalate  0.45175 C12H14O4 

  Acetic acid, octadecyl ester  -0.39406 C20H40O2 

  Tetracosane  0.41271 C24H50 

  Hexadecanoic acid, 1,1-dimethylethyl 

ester   

-0.39760 C20H40O2 

  Bis(2-ethylhexyl) phthalate  -0.39601 C24H38O4 

  Silane, 1,4-phenylenebis[trimethyl  0.45142 C12H22Si2 

  2-Hexanol, 2-methyl-  -0.34571 C7H16O 

  Hexadecane, 2,6,10,14-tetramethyl-  -0.46626 C43H88O2 

     

 -1 2-Pentanone, 4-hydroxy-4-methyl-  0.43987 C6H12O2 
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  .alpha.-D-Galactopyranoside, methyl 3,6-

anhydro-  

0.46211 C6H12O2 

  Benzofuran, 2,3-dihydro-  0.33463 C8H8O 

  4-Methoxybenzene-1,2-diol  0.4014 C7H8O3 

  2(3H)-Benzoxazolone  0.608 C7H5NO2 

 

  4-Ethylphenyl isothiocyanate  0.57911 C9H9NS 

  4-Methyl-2,5-dimethoxybenzaldehyde  0.50779 C10H12O3 

  Benzylcynide, 2-fluoro-3,4-dimethoxy-  0.50076 C10H10FNO2 

  Heneicosane  0.52150 C21H44 

  Acetic acid, octadecyl ester  0.49624 C20H40O2 

  Octadecanoic acid, butyl ester  -0.38235 C22H44O2 

  Cyclotrisiloxane, hexamethyl-  0.64019 C6H18O3Si3 

  2-Hexanol, 2-methyl-  -0.47106 C10H20O3 

  Benzenamine, N,N-diethyl-4-methyl-  0.47077 C5H6O2 

  2-Cyclopenten-1-one, 2-hydroxy-  0.70189 C8H12O2 

  3-Fluoro-4-methoxyphenylacetonitrile  0.39963 C9H8FNO 

  Hexadecane, 2,6,10,14-tetramethyl-  0.43791 C20H42 

  Benzenamine, 2,3,4,5,6-pentamethyl  0.69026 C11H17N 

  Silane, 1,4-phenylenebis[trimethyl  -0.52183 C11H17N 

 -1.5 Propanoic acid  -0.54909 C3H6O2 

  2(3H)-Benzoxazolone  0.44911 C7H5NO2 

  4-Methyl-2,5-dimethoxybenzaldehyde  0.42194 C10H12O3 

  4-Ethylphenyl isothiocyanate  -0.60567 C9H9NS 

  Heneicosane  -0.48311 C21H44 

  Hexadecanoic acid, 1,1-dimethylethyl 

ester  

0.44290 C20H40O2 

  Acetic acid, octadecyl ester  0.53707 C20H40O2 

  Tetracosane  0.47271 C24H50 

  Bis(2-ethylhexyl) phthalate  0.71064 C24H38O4 

  2-Cyclopenten-1-one, 2-hydroxy-  0.65580 C5H6O2 

  3-Fluoro-4-methoxyphenylacetonitrile  0.80371 C5H6O2 

  4-Geranyloxy-3-hydroxy-5-

methoxyphthalaldehyde  

0.45391 C19H24O5 

  Phenol, 2,2'-methylenebis[6-(1,1-

dimethylethyl)-4-ethyl-  

-0.51754 C25H36O2 

  Diethyl Phthalate  0.39827 C12H14O4 

  4-Ethylphenyl isothiocyanate  -0.60567 C9H9NS 

     

35 0 Propanoic acid  0.48093 C3H6O2 

  4-Ethylphenyl isothiocyanate  0.53379 C9H9NS 

  6-Methoxy-2-benzoxazolinone  -0.35801 C8H7NO3 

  Heptacosane  -0.37651 C27H56 

  2-Hexanol, 2-methyl- 0.68154 C7H16O 
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  Benzenamine, 2,3,4,5,6-pentamethyl  0.35289 C11H17N 

     

 -0.5 .alpha.-D-Galactopyranoside, methyl 3,6-

anhydro-  

0.39634 C13H22O8 

  4-Methyl-2,5-dimethoxybenzaldehyde  -0.30012 C10H12O3 

  Diethyl Phthalate  0.30867 C12H14O4 

  4-Ethylphenyl isothiocyanate  0.51770 C17H12FNS 

  7,9-Di-tert-butyl-1-oxaspiro(4,5)deca-

6,9-diene-2,8-dione  

0.34210 C17H24O3 

  Tetracosane  0.49719 C24H50 

  Bis(2-ethylhexyl) phthalate  0.48968 C24H38O4 

  2-Hexanol, 2-methyl-  0.44739 C7H16O 

  1H-Indole, 2-methyl-3-phenyl-  0.39514 C15H13N 

  Phenol, 2,2'-methylenebis[6-(1,1-

dimethylethyl)-4-ethyl-  

0.33985 C25H36O2 

  Acetamide, N-[4-(trimethylsilyl)phenyl]-  0.77090 C11H17NOSi 

  Arsenous acid, tris(trimethylsilyl) ester   -0.30318 C9H27AsO3Si3 

The chemical formulas were extracted from https://pubchem.ncbi.nlm.nih.gov/  
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Abstract 

The majority of research on the effects of climate change on maize has concentrated on yield, 

with only a few studies focusing on seedling emergence and growth. Warmer temperatures 

predicted as a result of climate change will have an impact on seedlings emergence and 

growth. An experiment was carried out with induced passive heat with the objective of 

simulating the increase in temperature in emergence, initial growth and photosynthetical 

parameters of native genotypes of maize from three different agro-ecological zones (warm-

dry, temperate, and hot and humid climates) of San Luis Potosí, México. Two different 

environments, Open Top Chambers (OTC) and control, were used as treatment and two 

genotypes for each agro-ecological zone were used. A total of 100 seeds were used in a 

random design with factorial arrangement for each genotype and environment (OTC and 

control). Abiotic variables (mean daily temperature, minimum and maximum daily 

temperature and the accumulated heat units) were determined and compared between the two 

environments and confirmed that the OTC increased temperatures and heat units. The 

percentage and velocity of seedling emergence and photochemical quenching (qP) were 

negatively affected by the effect of induced heat while the rate of growth of plants was 

accelareted and its plant height was increased. These results reveal dependence on the 

adaptation of the native genotypes. According to seedling emergence and growth, genotypes 

from less stress conditions (hot and humid (Huasteca)) were most affected while those from 

places with major variations in temperature condicions (warm-dry and temperate (Altiplano 

and Media respectively)) were not. We concluded the effect of induced heat diminish the 

seedling emergence and photochemical quenching while the growth benefited. 

Keywords: Climate change; Heat; Open top chamber; Temperature; Zea mays seedling  

Introduction 

Mexico is the origin of maize (Zea mays L.), as well as one of the most important centers for 

its diversification. (Matsuoka et al., 2002). The crop has been Mesoamerica's primary staple 

for at least two millennia (Goodman and Galinat, 1988) and is at the heart of dynamic cultural 

features (Hernández Xolocotzi, 1985). People in Mexico and South America have been 

developing new maize varieties for ages, adapting them not just to local conditions but also 

to cultural and gastronomic needs (Figueroa et al., 2013). The state of San Luis Potosí (SLP) 

has also been considered as a potential source of maize genetic variability. In research 

conducted by Ávila-Perches et al. (2010), fourteen variants of maize were identified. The 

large abundance of maize varieties in the state could be attributed to a wide variety of 

ecosystems, comparable to what occurs throughout Mexican territory. This allows diverse 

agroecological regions to be distinguished, ranging from warm and humid climatic 

conditions to dry and hot or temperate ones. (INEGI, 2012). Furthermore, it is likely that the 

number of maize variants throughout the state is significantly more than that reported by 

Ávila-Perches et al. (2010), because 11 variants were identified in just three cities of the 
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Huasteca, a region that represents a fraction of the entire territory of SLP (Heindorf et al., 

2019). 

According to Collins et al. (2013), Houghton et al. (2001) and Qin (2014), scientific studies 

and observational data reveal that the global climate has been changing for the past 100 years. 

In the case of México, climate change could cause an increase in average annual temperature 

of 1 to 4°C during the current century, depending on population growth scenarios (Change, 

2007). Temperature values in SLP are expected to rise from 0.75 to 1.00°C in the short term 

(2010-2040) and from 2.75 to 3.00°C in the long term (2070-2100) (Medellín-Milan et al., 

2006; Ávalos Lozano et al., 2017). 

Maize genetic diversity is a source of wealth for the population and can be used to achieve 

domestic alimentary sovereignty, particularly in the face of climatic change (Preciado Ortiz 

and Montes Hernandez). According to Cabrera et al. (2002), 76.5% of Mexican farmers 

cultivate creole or native seeds, with the type of agriculture having the greatest influence. In 

traditional rural agriculture areas, 80 to 100% of farmers use local or native seeds to grow 

their crops. However, due to a variety of circumstances, such as water stress, plague 

infections, and the effects of climate change, among others, their production is often limited, 

resulting in economic losses, particularly for smallholder farmers known as "campesinos" 

(Bergvinson, 2004). 

One of the most vulnerable systems to climate change is the agriculture system. The quantity 

and quality of agroclimatic resources associated with food production have changed as a 

result of global climate change in time and space (Bocchiola et al., 2013; Pais et al., 2020). 

Scientific reports by Adeagbo et al. (2021); Chen and Pang (2020); Fei et al. (2020); Sato et 

al. (2020); Ureta et al. (2020) and Cao et al. (2019) have demonstrated that climate change 

and variability have a significant impact on maize production. Therefore, climate change 

poses a negative impact on maize yield and seedling emergence due to the increase in mean 

temperature as Tumbo et al. (2020) stated and according to Hatfield and Prueger (2015) 

increased temperatures have a greater effect on grain production than on vegetative growth. 

Furthermore, recent evidence suggests that maize is particularly susceptible to high 

temperatures during gametogenesis, flowering, and early grain filling stages of crop growth 

(Prasad et al., 2020). That means, the rise in temperature caused by climate change has had 

a deleterious impact on ecophysiological processes such as germination, seedling 

establishment, and agricultural production systems (Mercer et al., 2008; Pappo et al., 2021). 

The state of SLP is located on the Mexican Central Plateau, between parallels 21°10' and 

24°32' north latitude and 98°20' and 102°18' west longitude, according to the National 

Institute of Statistics and Geography (INEGI, 2012). It has an area of more than six million 

hectares, of which 918 thousand hectares are dedicated to agricultural production. The entity 

is characterized by having basically three important agro-ecological regions. 1) Huasteca: 

formed by the foothills of the "Sierra Madre Oriental", it has a territory of 10,676.5 km2 and 



137 

 

its altitude varies between 50 and 800 m asl. It has extensive fertile plains and represent a hot 

and humid climate. 2) Media: with elevations ranging from 883 to 2000 m asl, its territorial 

extension is 13,509 km2, and it has a steppe and temperate climate, with average rainfall 

ranging from 500 to 700 mm per year; occasionally frost and hail occur at the start of the 

rainy season. 3) Altiplano: with a warm-dry climate, it is located in the state's northern and 

western sections. In this region, the average temperature fluctuates between 15 and 20°C and 

it has an average height of approximately 2,000 m asl, where early frost in October and late 

frost in May are common. 

Annually, nearly 14,000 ha of maize are cultivated in the state of SLP, with a high proportion, 

around 80%, cultivated in no-control environments (SIAP, 2017). As a result, maize output 

is heavily reliant on the modified genotypes' resistance to environmental factors and multiple 

extremes in the climate. This discovery could indicate the existence of maize genotypes that 

are extremely resistant to extreme climatic conditions, implying the possibility of utilizing 

such phylogenetic resources. 

The study of native maize genotypes from the diverse environments present in SLP can assist 

in discovering and understanding how maize species adapt to environmental conditions they 

confront during growth and establishment, which is required to anticipate some of the 

consequences of climate change on the abundance and distribution of species (Dávila et al., 

2013). In addition, the abundance of maize breeds or native genotypes, as well as their 

adaptations to a variety of climatic situations, could provide alternatives to cultivation in 

scenarios that are likely to occur as a result of the related effects of climate change. Then, the 

aim of this investigation was to evaluate the emergence, initial growth and photosynthetical 

parameters of native maize genotypes coming from different climates and/or agro-ecological 

zones to the effect of induced passive heat. The above-mentioned, with the hypothesis that 

when native genotypes suited to specific local conditions are subjected to relevant effects of 

climate change, their emergence, initial growth, and photosynthetical parameters respond 

differently depending on their origin. 

Material and Methods 

Maize native genotype selection 

The genotypes were collected in the state of SLP, where three agro-ecological zones were 

determined based on mean annual temperature and precipitation, with average temperatures 

and precipitation of 14.5, 18.5 and 22.5°C; 400, 700, and 1200 mm, respectively (Noyola-

Medrano et al., 2009). These agro-ecological zones were given the names Altiplano, Media, 

and Huasteca, and their climates were classified as war-dry, temperate, and hot and humid, 

according to Garcia (2004) adaptations of the Köppen climatic classification system. In 

addition, Figure 1 and Table 1 describe some features. 37 genotype seed samples were 

obtained in the following order: 10 from Altiplano, 11 from the Media, and 16 from 
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Huasteca. The obtained samples were evaluated according to the standards established by 

Carballo and Benítez (2003). A total of 14 variables were described in this way: longitude 

(cm), diameter (mm) and conicity of cob, number of rows per cob, number of grains per row, 

row arrangement, color and grain type, dry weight of 100 seeds (g), volume (mL) of 100 

seeds in 50 mL, longitude (mm); thickness (mm) and wide (mm) of grain, phenological term 

(months). The prior data was supplemented with the producer's data on temperature and 

rainfall. The following scale was used to organize the data: low, regular, and high (Diédhiou 

et al., 2021). 

The resulting groups of the genotypes of maize used in this investigation had a grade of 

internal homogeneity and external heterogeneity and were representative of all the 37 

collected samples of the state of San Luis Potosí. A multivariate analysis was carried out to 

form groups and the following genotypes were used: purple maize (genotype A10) and A11 

from Altiplano; M4 and M11 from the region Media and H10 and H11 from the Huasteca 

zone. All the genotypes used in this investigation had the same phenological cycle (3 

months). 

 

 

Figure 1. Horizontal distribution of (a) field elevation and (b) annual mean temperature 

in the three agro-ecological zones of San Luis Potosí (México). Adapted from Noyola-

Medrano et al. (2009). 
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Experimental establishment, design and agronomic practices 

The experiment was established at the climate change research services of the Faculty of 

Agronomy and Veterinary Sciences of the Autonomous University of San Luis Potosí. The 

geographical coordinates of the locality are 100°01’ 22” west and 22°12’ 27” north latitude, 

at 1,883 m asl. All the maize genotypes were raised in a randomized block design with five 

replications in each environment. The investigation included a total of 30 treatments that 

resulted in a factorial arrangement of 2 x 3. The first factor was represented by the 

environment [passive induced heat with the use of Open Tops Chamber (OTC) and control], 

while the last one by the agro-ecological zone procedence of the genotypes of maize 

(Altiplano, Media and Huasteca). Each genotype had 10 seeds per experimental unit, and 

each plot included two experimental units with a total of 100 seeds for treatment. 

Genotypes Agroclimatic 

zone 

Predominate climate 

based on modifications 

of the Köppen climate 

classification system 

Mean annual temperature  

A10 

A11 

 

Altiplano 

BS1kw(e)gw" 

BSohw(e)gw" 

14.5°C 

    

    

M4 

M11 

 

Media 

Cb(w2)(w)(I’) 18.5°C 

    

H10 

H11 

 

Huasteca 

(A)Cam(f)(e)w" 

Am(e)gw" 

22.5°C 

    

    

References García, 2004. (Noyola-Medrano et al., 2009) 

Table 1. Climatic characteristics and mean annual temperatures of the three differents 

climates of the state of San Luis Potosí, México. 
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Agronomic practices and plant protection measures (daily irrigation to prevent the effect of 

water stress and elimination of the undesirable plants) are accomplished throughout the crop 

growth period. Irrigation was done immediately after sowing. 

 

Simulation of the induced passive heat 

Open top chamber (OTC) structures were used to simulate the induced passive heat. These 

structures allow for passive heating and are a simple method for monitoring plant responses 

to warming in the field (Aragón-Gastélum et al., 2014; Aragón‐Gastélum et al., 2017). The 

OTCs were constructed using UV-resistant transparent acrylic (3 mm thick; wavelength  

transmission 110 < 280 nm) in accordance with Mølgaard and Christensen (1997). The 

finished structures were 0.5 m tall, 1.5 m wide at the open top, and 2.08 m wide at the surface 

base. When compared to external ambient circumstances, this OTC design raises the air 

temperature by 1.9 to 5.0°C during the day (Aragón-Gastélum et al., 2014; Aragón‐Gastélum 

et al., 2017; Musil et al., 2009; Nedunchezhiyan et al., 2020). Across the experiment, the 

magnitude with which OTCs altered the microclimate (air temperature) was regularly 

recorded both within and outside these structures. 

 

Abiotic variables measurement  

Temperatures were registered with data-loggers HOBO U23 (Onset Computer Corporation, 

MA, USA). Each OTC and control plot had one data logger mounted 10 cm above the ground 

in the center. The readings were scheduled to be taken every hour and averaged daily. These 

measurements were taken from October 11 to December 12, 2020, and the daily mean, 

minimum, and maximum air temperatures in each environment were calculated using the 

recorded data (OTCs and control). With the daily mean air temperature, the daily 

accumulated heat units were calculated with the residual classic method, which uses the 

following expression (Bierhuizen and Wagenvoort, 1974; Ruiz et al., 2002).  

Daily accumulated heat units = DMAT − Tb 

Where: 

DMAT: Daily mean air temperature 

Tb: 10°C base temperature for maize  

In addition, the sums of the daily accumulated heat units during all the experiment were used 

to determine the Accumulated heat units or growing degree days (GDD) (Yousaf et al., 2020) 

for each environment and were compared between the two treatments. 
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Seedling emergence variables 

Percentage of seedling emergence (%)  

The percentage of seedling emergence was measured in five replications of 20 seeds each, 

for a total of 100 seeds evaluated from the first day after sowing to the 15th day. The 

percentage of seedling emergence calculates the number of seedlings that emerged for each 

genotype during the experiment. For that, the following formula was used: 

Percentage of seedling emergence (%) =
Number of emerged seedlings

total of seeds sowed
× 100 

Velocity of seedling emergence 

The velocity of seedling emergence (emerged seedlings.day-1) measured the number of 

seedlings emerged at the end of the evaluation of the percentage of seedling emergence. The 

following formula was used:  

Velocity of seedling emergence (emerged seedlings. day−1)

=
Number of emerged seedlings

15 (days after first emergence)
 

Seedling growth variables 

Rate of growth  

The rate of growth (RG, cm.day-1) was calculated over a 10 days period and was defined as 

the increment in longitude of the seedlings measured from the base of the soil to the top of 

the longest leaf. The equation below was used Del Pozo et al. (1987):  

RG (cm. day−1) =
L2 − L1

T2 − T1
 

Where: 

The seedling longitudes at 5 and 15 days are L1 and L2, respectively, while T1 and T2 are 

the previously indicated times. 

 

Plant height 

Plant height was measured 35 days after the emergence of seedlings. A total of 20 seedlings 

for each genotype in different environment were selected and measured with a graduate ruler. 

Measurement was made from the soil to the top of the longest leaf. 

 

Photosynthetic variables 

The variables of chlorophyll fluorescence were evaluated on the third leaf of each plant. 25 

plants were measured from every treatment. Measurements were performed between 12 and 

14 pm, with a portable photosynthesis System (Li-cor LI6400XT).  

The chlorophyll fluorescence parameters reported were: the effective efficiency of the PSII 

(ϕPSII), which was exposed to a distant red light for a few seconds to force electron migration 

between photosystem I (PSI) and photosystem II (PSII) (Buchanan et al., 2015). In addition, 

after applying a series of saturation pulses under increasing actinic irradiation, photochemical 
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quenching (qP) was determined with saturated light pulses per 20 s (Kalaji et al., 2014). ϕPSII 

is the proportion of absorbed energy being used in photochemistry and qP indicates the 

proportion of PSII reaction centres that are open, and the larger qP value, the higher light 

energy conversion efficiency. Thus, whereas ϕPSII relates to achieved efficiency, qP gives 

information about the underlying processes which have altered efficiency (Maxwell and 

Johnson, 2000). 

Statistical analysis 

The data for the variables seedling emergence, growth, and chlorophyll fluorescence were 

analyzed using the GLM procedure of the program Statistical Analysis System (SAS, 2003). 

The model is characterized by two fixed factors, namely ‘genotypes’ and ‘environment’ as 

well as their interaction ‘genotypes x environment’. The Tukey test was used to check for 

significant differences between the treatment means. If P < 0.05, the effects and interactions 

were considered significant. Data were examined for normality before being analyzed, and 

log-transformation was employed to correct them. The abiotic variables were analyzed using 

a repeated measure analysis of variance (ANOVA). They were compared between the OTC 

and control environments and summarized for each data-logger. 

 

Results 

Abiotic variables 

During the experiment, the mean daily temperature (±estandar error) was 17.52±0.45°C 

inside OTC and 15.34±0.45°C in control. This variable significantly differed between the 

treatments (F (4,69) =16.42, P<0.0001) and that means the structure of OTC increased the mean 

daily temperature during the experiment to 2.18°C (Figure 2a). On the other hand, the daily 

minimum temperature was 7.31±0.46°C inside the OTC and 3.49±0.47°C within control and 

significantly differed between the two environments (F(4,69)=18.65, P<0.0001). The induced 

passive heat increased the minimum daily temperature to 3.82°C (Figure 2b). Daily 

maximum temperature was also affected by warming (F(4,69)= 21.82, P<0.0001). The 

maximum value of this variable was registered in OTC, with a mean of 31.26±0.71°C, while 

it was 27.05±0.76°C in the control environment. The induced passive heat also increased the 

daily maximum temperature to 4.21°C (Figure 2c). The accumulated heat units was also 

affected by the induced heat passive (F(4,69)= 16.42, P<0.0001). Then, the accumulated heat 

units recorded in OTC were statistically superior to the ones inside the control plots. The 

OTC treatment recorded 80.73 GDD (Growing Degree Days) more in comparison to the 

control treatment during the 62 days. That means the induced passive heat increased the 

accumulated heat units during all the experimentation (Figure 2d). 
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Figure 2. Average daily values of the registered temperatures and the accumulated heat 

units calculated during all the experiment. a) Mean daily temperature; b) Minimum 

daily temperature; c) Maximum daily temperature and d) Accumulated heat units in 

Open Top Chamber (OTC) and control treatments. Vertical bars indicate the standard 

error (n= 5). 

Variables of seedling emergence  

It was possible to observe significant effects of genotypes and the environment on the 

percentage of seedling emergence using analysis of variance. Only the factor genotype 

significantly affected the velocity of seedling emergence. The interactions G x E were not 

significant for any of the emergence variables (Table 2). 
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Values of the percentage of seedling emergence and velocity of seedling emergence were 

different amongst genotypes. The genotypes from Media and Altiplano and one from 

Huasteca (H11) registered high values of percentage of emergence and velocity of 

emergence while the other one from Huasteca (H10) obtained the lowest values. The average 

of the percentage of seedling emergence of the genotypes with high values was up to 60%. 

However, M11 and A11 registered 90% of the percentage of seedling emergence. In addition, 

H10 registered the lowest values of percentage of emergence and velocity of emergence with 

(less than 5% and 0.1 emerged seedlings.day-1 respectively) (Figure 3A and 3C). The induced 

passive heat decreased the percentage of seedling emergence of the maize seedlings. The 

percentage of seedling emergence registered in control was statistically superior to that in 

OTC, with a mean of 68.16% and 65.20%, respectively (Figure 3B). The velocity of seedling 

emergence in OTC and in control was similar (Figure 3D).  

 

 

Figure 3. Effect of induced passive heating on the emergence variables of seedlings of 

native maize genotypes from three different agro-ecological zones of San Luis Potosí 

(México). H: Huasteca; M: Media and A: Altiplano. PE: percentage of seedlings 

emergence; VE: velocity of seedling emergence; OTC: Open Top Chamber. The letters 

a, b, c and d indicate significant differences according to the Tukey test (P < 0.05). VE 

H10 in C) did not appear because there PE was low and insufficiently emerged. Vertical 

bars indicate the standard error, (n= 20). 
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Variables of growth 

Rate of growth and plant height were dissimilar in genotypes due to warming (Table 2). 

Majority of the genotypes indicated an increase in growth rate in OTC except A11 and H11, 

which registered no significant differences between the two treatments (OTC and control). 

The genotypes M4, M11 and A10 grew faster in OTCs; rates of growth of these genotypes 

were statistically superior to those found in control treatments. The mean of rate of growth 

ranged from 0.96 (M11) to 1.03 cm.day-1 (A10) in OTC conditions while in control it ranged 

from 0.76 (A10) to 0.87 (A11) cm.day-1 (Figure 4A). The highest values of plant height were 

recorded in OTC, except for H11. That means, the plant height of the maize genotypes was 

significantly affected positively by the passive induced heat. Significant differences were 

observed for plant height among the OTC and their mean ranged from 14.05 to 18.94 cm. In 

a control treatment, plant height ranged from 13.05 to 16.02 cm (Figure 4B). It should be 

noted that the genotypes from Altiplano and Media recorded the heighest values of the 

seedlings while the one from Huasteca recorded the lowest plant height and rate of growth 

in the two environments. 
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Figure 4. Effect of induced passive heating on variables of growth of native genotypes 

of maize from different agro-ecological zones of San Luis Potosí. A: Altiplano; M: 

Media, H: Huasteca. The letters a, b, c, d and e indicate significant differences according 

to the Tukey test (P < 0.05). H10 did not appear because they did not emerged 

sufficiently. Vertical bars indicate the standard error (n= 20).  
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Chlorophyll fluorescence variables  

Photochemical quenching was reduced (P < 0.05) by the effect of warming into the OTC 

(Table 2; Figure 5). The mean of photochemical quenching recorded at control was 

significantly superior with 0.36 against 0.29 obtained in OTC (Figure 5). That mean the 

increase of temperature will affect negatively the photochemical quenching of the maize 

seedlings. The effective efficiency of photosystem II (ϕPSII) was not affected by simple 

effects and their interaction was not significant (Table 2). 

  

 

Figure 5. Effect of induced passive heating on photochemical quenching (qP) of native 

genotypes of maize from different agro-ecological zones of San Luis Potosí. OTC: Open 

top Chamber. The letters a and b indicate significant differences according to the Tukey 

test (P < 0.05). Vertical bars indicate the standard error, (n= 25). 
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Discussion 

This is the first study to investigate the influence of increased air temperature (abiotic 

variable) under climate change scenarios on genotypes of native maize seedlings from 

distinct agro-ecological zones in the state of San Luis Potosí (México). The employment of 

OTC appears to have resulted in accurate temperature projections. Our warming methods 

resulted in a maximum increase of 2.41°C in the mean daily air temperature for OTC. This 

was within the expected 1–3°C increase in global warming by the late twenty-first century 

(Collins et al., 2013; Tejeda-Martínez et al., 2008). Moreover, because of more GDD found 

in OTC than in control (Figure 2d); the rate of growth and plant height were increased in 

comparision to maize grown in control. However Dan et al. (2020) stated that low 

temperatures (GDD<662°C, Mean Temperature<19.0°C, or maximum temperature<24.0°C) 

and high temperatures (GDD>641.4°C, or minimum temperature>21.5°C) decreased the 

rates of growth of maize. In our study, the emergence variables and photochemical quenching 

were affected for the accumulation of more heat units as reported by Amirjani (2012) on 

wheat seedlings (Triticum aestivum L.). According to Alvarado and Bradford (2002), heat 

units or thermal time model conforms to the timing of germination (in our case emergence). 

Ritchie and Nesmith (1991) applied this model to plants and animals and found that 

temperature has a different response function on leaf development rate than it does on growth 

rate. These results explain why the growth of maize genotypes in our investigation was high 

in OTC in comparison to the control environment. However, it is important to note that in 

our investigation, we did note evaluate the leaf development size of the native genotyes of 

maize.  

The increase in the mean temperature affects the maize seedling emergence as was registered 

in our investigation (Figure 3B and D). That means the possible increase in mean temperature 

expected due to the related effects of climate change will negatively affect the seedling 

emergence of maize. Bocchiola et al. (2013) reported that an increase in temperature of 2-

3°C will limit maize production. Surface air temperature increases reduced agricultural 

productivity in many crops (Southworth et al., 2000). Muhammad and Basıt (2019) 

mentioned that differences in seedling emergence of maize might be due to variation of mean 

monthly temperature and solar intensity and that variation could difficult for complete growth 

and developmental stages. As was indicated, an increase in temperature reduces the seedling 

emergence of maize plants and it was stated it also reduces production. Then warming due 

to climate change might affect maize crops from early development stages as seedling 

emergence. However, the findings by Li et al. (2014) did not corroborate with ours. They 

reported the increase in temperature provided better conditions for maize germination, 

emergence and grain filling. 

Genotypes from Altiplano and Media were more tolerant to warming than the one from 

Huasteca. These results can be related to the different climatic conditions in the Huasteca 

region in comparison to those from Altiplano and Media. In comparison to the agro-

ecological zones, Altiplano and Media, the zone Huasteca has the highest mean annual 

temperature and rainfall. (Figure 1 y Table 1) (Diédhiou et al., 2021). In addition, the 
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Huasteca zone had less monthly evapotranspiration, more cloudiness, a higher monthly 

average temperature, and thus a higher intensity in terms of the amount of water received in 

24 hours (Campos-Aranda, 2018; Noyola-Medrano et al., 2009). Then the genetic material 

of genotypes from Huasteca is already adapted to less stressful conditions than that of 

genotypes from Altiplano and Media (Diédhiou et al., 2021; Jiang et al., 1999). Some of the 

responses obtained from the native maize genotypes can be attributed to environmental 

factors. Furthermore, according to Alonso-Blanco et al. (2003) and Schmuths et al. (2006), 

the rate of emergence of maize, wheat, bean, and rice seeds varies significantly, and this 

variation is determined by the interaction of the seed genotype with the specific environment 

of their origin. 

Warming promoted high levels of growth in maize seedlings in our research, at least in 

majority of the studied genotypes. That mean the increase in temperature accelerated the rate 

of growth and the plant height of the seedlings. In addition, maximum plant heights of maize 

with the use of OTC were reported by Silva et al. (2012). However our results do not agree 

with what was mentioned by Argosubekti (2020) that stated negative results in the growth of 

plants especially when extreme temperatures coincide with the critical stage of plant growth. 

It should be noted that in our case, in the time that the experiment was conducted; the 

maximum daytime temperatures did not exceed 40°C. According to Hatfield and Prueger 

(2015), the rate of plant growth and development is largely influenced by temperature. In 

addition, Tollenaar et al. (1979) indicated that a temperature-based classification of maize is 

crucial since it is necessary in agriculture to identify the adaptation of genotypes to specific 

environments. On the other hand, is important to mention the geographical characteristics of 

the regions of origin of the genotypes, especially the ones from Altiplano and Media where 

the agricultural conditions are characterized by a lower rainfall quantity and a lot of heat 

during the planting periods of the maize crop in comparison to the one from Huasteca (Figure 

1 and Table 1) (Diédhiou et al., 2021; Noyola-Medrano et al., 2009). 

A simple effect for the photochemical quenching parameter due to the effect of the two 

environments (OTC and Control) was recorded. In this same sense, the photochemical 

quenching registered under control conditions were statistically higher than those in OTC. 

Our results agree with Xia et al. (2021) findings, that the qP of the two maize varieties 

decreased significantly under warming treatment. Schenone et al. (1994) indicated some 

differences in the measured of the physiological parameters of bean (Phaseolus vulgaris L.) 

due to the chambers effects which certainly caused by the physical structure of the OTC. In 

our investigation the photochemical quenching was affected by the passive induced heat. 

According to Silva et al. (2012) OTC can reduce up to 25% the photosynthetically active 

radiation and increase the air and leaf temperature. These results are consistent with ours, as 

there was a reduction of photochemical quenching and an increase in air temperature with 

respect to the control environment. Yüzbaşıoğlu et al. (2017) reported similar results to ours 

for maize seedlings grown in high temperatures, keeping in mind that 20/25°C is close to our 

mean diurnal temperature during the experiment. Also, our results were similar to other 

researchers such as Li et al. (2020) who found that an increase in temperature reduces 
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photosynthesis in maize leaves. On the other hand, the effective efficiency of photosystem II 

(ϕPSII) was not affected by simple effects and their interaction was not significant (Table 2). 

That means the induced passive heat and the origins of the native genotypes had no influence 

on the ϕPSII and can be relacionated to the energy needed for photosynthesis and the age of 

the maize seedlings. In the same way, Guidi et al. (2019) reported that photoinhibition occurs 

when light energy exceeds the amount of energy used for photosynthesis, characterized by a 

decline in the ϕPSII. In addition, Sales et al. (2013) and Trujillo et al. (2013) reported that 

the photosynthetic apparatus depends on the severity and duration of the stress.  

This study analyzed the effect of induced passive heat, or the increase of temperature, in 

native maize genotype seedlings from different agro-ecological zones of the State of San Luis 

Potosí. The influence of irrigation and extreme weather events on the seedlings were not 

taken into consideration because the smallhollders of the state do not use those practices in 

their fields. Huasteca genotypes were the most affected, and Mercer et al. (2008) found that 

tropical temperate maize landraces do not tolerate hot weather due to local adaptation. Since 

maize was originally categorized, different races and genotypes have been related to 

particular environmental conditions (Wellhausen et al., 1952). Mexican maize was classified 

by Ruiz Corral et al. (2008) based on rainfall, photoperiod, and, most importantly, 

temperature of local adaptations or origins. These findings have crucial implications for 

thinking about the effects of climate change adaptation on maize in the country in general, 

and the state of San Luis Potosí in particular, because they highlight a way to adopt to contrast 

the negative effects of climate change while taking local conditions into account. Most 

importantly, this is the first study to investigate effects of the induced passive heating in 

seedling emergence, initial growth and chlorophyll fluorescence of native seedling genotypes 

of maize taking account the three agro-ecological zones of the state of San Luis Potosí. 

Taking into account that Hernández et al. (2021) reported that a solid start to the plant cycle 

(seedling stage) is critical for achieving a good end performance and a high grain yield. 

However, high seedling performance alone is insufficient to ensure a good grain production 

at the conclusion of the cycle. It is important to note that, in the Huasteca agro-ecological 

zone, the temperature oscillation in one day and in the year is much lower than in the 

Altiplano and Media. So the Altiplano and Media genotypes are adapted to tolerate extreme 

temperatures (which explains their best results) while the Huasteca genotypes are adapted to 

high temperatures, but with less variation and better climatic conditions for plant growth. 

 

Conclusions 

Findings of the present study showed differential effects of warming on physiological 

attributes of native maize seedlings. The emergence of the seedlings and the photochemical 

quenching of the maize seedling genotypes were affected negatively by the increase in air 

temperature. The plant growth benefited from the increase in temperature and was 

accelerated. Also, the use of open top chambers generates increments of the air mean 

temperature, minimum and maximum daily temperatures and the accumulated heat units. The 

genotypes from the Huasteca region (hot and humid climate), which has a higher mean 
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annual temperature, were the most affected, and this is linked to the local conditions of 

adaptation of their genetic material, which is less stressed than the materials from the 

Altiplano (warm-dry climate) and the Media (temperate climate), which have unfavorable 

conditions and stressful environments for maize plant growth. 
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Main conclusion Induced passive heat negatively affected milpa yield and 

photosynthetic capacity of maize and bean, while squash increased the photosynthetic 

capacity. The warming benefited plant growth and development. 

Abstract 

Relay intercropping of milpa system is practiced on a large scale by Mexican smallholders. 

Warmer temperatures predicted as a result of climate change will have an impact on milpa. 

An experiment was carried out with induced passive heat with the objective of simulating the 

increase in temperature on physiological, photosynthetic, and yield parameters of milpa from 

different regions of San Luis Potosí, Mexico. Two different environments, Open top 

chambers (OTC) and control, were used as treatment and three milpa. A total of 12 
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experimental units of 13.13 m2 were used in the random design, with a factorial arrangement 

of 2 x 3 x 2. Abiotic variables (minimum, maximum, and mean daily temperatures, and 

accumulated heat units) were determined and compared between the two environments and 

confirmed that the OTC increased the abiotic variables. The growth and development 

parameters increased under the warming effect. Furthermore, the milpa from hot and humid 

climate was the least affected. In contrast, the warming considerably delayed yield 

parameters. The squash suffered the most, while the bean benefited the most. The warming 

affected the chlorophyll fluorescence and gas exchange differently for each crop. However, 

at an early stage, maximum photochemical efficiency (Fv/Fm) and non-photochemical 

quenching (qN) for bean and maize were reduced, while at a late stage they were Fv/Fm, 

photochemical quenching (qP), and qN for maize; stomatal conductance and transpiration 

rate of the squash were improved under the warming treatments. We concluded the effect of 

induced heat delayed yield and photosynthetic parameters while growth and development 

benefited. 

 

Keywords: climate change, temperatures, heat stress, OTC, intercropping system.  

Introduction 

Milpa is an agro-ecosystem composed by maize (Zea mays L.), bean (Phaseolus spp. or 

Vigna unguiculata (L) Walp), squash (Cucurbita spp.) and other species that guarantees the 

foodways’ of Mesoamerica (from central Mexico to the northern and western portions of 

Central America) (Zizumbo-Villarreal et al., 2012). Archaeobotanical and genetic-molecular 

studies show that maize and Cucurbita argyrosperma Hort. Ex L. H. Bayley were 

domesticated around 9,000 BP in western Mesoamerica (Matsuoka et al., 2002; Piperno et 

al., 2009; Ranere et al., 2009), as was Phaseolus vulgaris L. (Kwak et al., 2009), and being 

then possible that in this area they could have been integrated as an agro-ecosystem. 

In Mexico, maize is the most important crop, as a large genetic diversity of the crop is 

reported. This country is also the center of domestication of Zea mays. Mexico's maize agro-

ecosystems preserve not just germplasm, but also human knowledge and behavioural 

traditions that reflect the crop's long co-evolution with human communities (Bellon, 1991; 

Ureta et al., 2020). Various management strategies (such as maize intercropping and crops 

rotation) have evolved in very diverse situations, depending on the climatic, topographic, and 

biocultural aspects of a specific location (Weerarathne et al., 2017).  

This ´Milpa´ system has a number of ecological benefits, including atmospheric nitrogen 

fixation by Rhizobium spp. in symbiosis with bean plants, weed control, soil moisture 

retention, and erosion protection from the squash. Maize, in turn, offers support for the bean 

plant as well as shade for the beans and squash. Maize also acts as a physical barrier against 

illness by preventing the spread of spores (Latati et al., 2016; Weerarathne et al., 2017). The 
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milpa system, like many others around the world, is based on local technology and the 

longevity of the plants is dependent on rainfall and climatic conditions (Huffman, 2013; 

Palacios‐Rojas et al., 2020). 

Climate change can cause an increment of the average annual temperature from 1 to 4°C 

during the present century in Mexico, in function of the scenario of the population growth 

(Field and Barros, 2014; Letcher, 2021; Paglia and Parker, 2021; Stocker et al., 2013). 

Furthermore, is well is proposed that climate change is affecting food security of the crops 

grown under milpa system, due to altered environmental conditions such as temperature and 

an increased frequency of extreme climatic events, creating negative impacts on crop yields 

(Bergvinson, 2004).  

Cropping strategies may help to offset the impact of climate change on food security, but few 

researches have looked at how temperature rises linked to climate change in agricultural 

practices affect the milpa system plant's physiological performance (Islam et al., 2016; 

Murray-Tortarolo et al., 2018). Such research is required for a better understanding of 

regional milpa system ecological and functional dynamics (Pérez-Hernández et al., 2021b). 

In addition, only a few research work has been done to characterize the physiological 

performance of plants under various agricultural management systems in the field (Farhad et 

al., 2018; Heydari and Pessarakli, 2010). Most of them focus their efforts on maize, forgetting 

the complexity of the system with the presence of the other crops (bean and squash).  

There is therefore scope for a better understanding of the physiological response of the milpa 

system to the increase in temperatures related to the effects of climate change. The use of an 

Open top chamber (OTC) has been one of the most popular methods for simulating potential 

plant growth and development. The OTC structure has been used by Aragón‐Gastélum et al. 

(2017); Aragón-Gastélum et al. (2014b); Alatalo et al. (2021) and Chang-Espino et al. (2021) 

to evaluate the effect of abiotic variables on plants. These studies are helpful in developing 

strategies for mitigating the negative effects of climate change on plant production in small-

scale management systems, where food security is severely challenged by climate change 

(Nigh and Diemont, 2013). 

In the state of San Luis Potosí (SLP) (Mexico), three agroclimatic regions are defined and in 

each region the smallholders are facing the increase in temperature and other problems 

related to the effect of climate change such as water stress. This way, it is possible to 

recognize different agroecological regions, from the warm and humid climatic conditions to 

the dry and hot or temperate ones. In each region, several native genotypes of maize have 

been reported and are used by the smallholders in their milpa systems (Diédhiou et al., 2021; 

Heindorf et al., 2021; Heindorf et al., 2019).  

Most of the cultivated areas with milpa systems in Mexico, and in SLP in particular, are 

facing critical conditions related to the effect of climate change, such as an increase in 
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temperature. Research as reported in this research may provide knowledge on how to 

contribute to this by investigating the effect of a rising temperature on the milpa systems. In 

addition, this investigation explores this effect using the milpa system existing in the state of 

SLP and evaluates the physiological response from the early to final stage of each crop in the 

system. Therefore, the aim of this study was to determine the effect of an increase in 

temperature on physiological, photosynthetic, and yield parameters of milpa systems from 

different climates of SLP. The above-mentioned, with the hypothesis that physiological, 

photosynthetic, and yield parameters of each milpa system and each crop within the system 

adapted to particular local conditions respond differently and in dependence of their origins' 

climate characteristics when exposed to an increase in temperature, which is related to the 

effect of climate change. 

Materials and methods 

The three Milpa system and their environments characteristics 

The crops (maize, bean and squash) were collected in the state of SLP, where three agro-

ecological zones were determined based on mean annual temperature and precipitation, with 

average temperatures and precipitation are 14.5, 18.5 and 22.5°C; 400, 700, and 1200 mm, 

respectively (Diédhiou et al., 2021; Noyola-Medrano et al., 2009). These agro-ecological 

zones were given the names Altiplano, Media, and Huasteca, and their climates were 

classified as warm-dry, temperate, and hot and humid, according to Garcia (2004) adaptations 

to the Köppen climatic classification system.  

For the selection of the bean and squash, previous experiments (exclusively done with maize) 

in this study allowed us to choose specific farmers for each region. In this context, the farmers 

who proportionated the maize crops also proportionated the other crops (bean and squash). 

In this sense, generous Phaseolus vulgaris bean were collected for farmers from the Altiplano 

and Media, while Vigna unguiculata (L) Walp bean was collected for farmers from Huasteca. 

It is the one used by the selected Huasteca farmers in their milpa system. 

In addition, Figure 1 and Table 1 describe some features. Before this experiment, previous 

germination experiences were conducted (Diédhiou et al., 2021), and all the crops chosen in 

this study were 3 months old. 
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Fig 1. Monthly temperature and precipitation summaries for the state of San Luis 

Potosí in 2020. A) Precipitation; B) Maximum temperature; C) Mean temperature and 

D) Minimum temperature. The data was logged from https://smn.conagua.gob.mx/ 

Table 1. Climatic characteristics of the three regions of the state of San Luis Potosí, 

Mexico. 

Milpa Region Geographic 

coordinates of the 

points of collection  

Predominate 

climate based 

on 

modifications 

of the Köppen 

climate 

classification 

system 

Climate 

Maize+Bean+

Squash 

 

Altiplano 2 062 m a.s.l. 

-101°7´W 22°16N 

BS1kw(e)gw" 

 

warm-dry 

 Media 1 390 m a.s.l. 

-99°32´W 22°8´N 

Cb(w2)(w)(I’) 

 

template 

 Huasteca 225 m a.s.l. 

-98°58´W 21°35´N 

Am(e)gw" hot and 

humid 

Reference  García, 2004.   

 

https://smn.conagua.gob.mx/
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Experimental establishment, design and agronomic practices 

The investigation was carried out at the Faculty of Agronomy and Veterinary Medicine of 

the Autonomous University of San Luis Potosí. The geographical coordinates of the locality 

are 100° 01’ 22” west and 22° 12’ 27” north, at 1,883 m above sea level (m a.s.l.) The 

geographical area corresponds to the Altiplano agro-ecological zone of the state of San Luis 

Potosí and the climate characteristics are shown in Figure 1 and Table 1. 

The experiment included a total of 12 plots of 13.13 m2 (6 plots of Open Top Chamber (OTC) 

and 6 plots of control) that resulted in a factorial arrangement of 2 x 3 with two replications. 

The first factor was represented by the environment [passive induced heat with the use of the 

(OTC) and control], while the last one by the agro-ecological zone procedence of each milpa 

(Altiplano, Media and Huasteca). Prior to maize sowing, weeds were manually eliminated 

from the soil. Maize was sown by hand, placing four seeds in holes at 7 cm in depth along 

the rows in each environment. In all the treatments, maize was sown in June 2021, at an 

approximate density of 40,000 plants per ha. Bean and squash plants were intercropped with 

maize plants in a ratio of 2:1 in each block respectively, for a total of 8 plants of squash and 

12 plants of bean in each block. The bean seeds and squash plants were sown and planted 30 

days after the maize to avoid competition between seedlings (Pérez-Hernández et al., 2021b). 

Agronomic practices and plant protection measures (daily irrigation to prevent the effect of 

water stress and elimination of the undesirable plants) were accomplished throughout the 

crops growth period. Irrigation was done immediately after sowing 

 

Simulation of the induced passive heat 

Open top chamber (OTC) structures were used to simulate the induced passive heat. These 

structures allow for passive heating and are a simple method for monitoring plant responses 

to abiotic variables such as temperature increase in the field (Alatalo et al., 2021; Chang-

Espino et al., 2021; Cossani and Sadras, 2021; Silva et al., 2012a). The finished structures 

were pentagonal at the surface base, with a perimeter of 10.8 m [(2.5 m x 4) + 0.8 m] and a 

height of 3 m (Figure 2). Each OTC was covered with a transparent natural tubular plastic. 

When compared to external ambient circumstances, this OTC design raises the air 

temperature. Across the experiment, the magnitude with which OTCs altered the 

microclimate (air temperature) was regularly recorded both within and outside these 

structures. 
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Fig 2. Dimensions and structural details of the open-top chambers (OTC) used to 

simulate the induced passive heat. A) Frontal view and B) basal view of the OTC. 

Abiotic variables measurement  

Temperatures were registered with data-loggers HOBO U23 (Onset Computer Corporation, 

MA, USA). In two selected OTC and control plots, two data loggers were mounted 15 cm 

and 150 cm above the ground in the center. These two positions allow us to monitor the air 

temperature in the relative space where the three crops are established. The readings were 

scheduled to be taken every hour and averaged daily. These measurements were taken from 

June 27 to November 12, 2021, and the daily mean, minimum, and maximum air 

temperatures in each environment were calculated using the recorded data. With the daily 

mean air temperature, the daily accumulated heat units were calculated with the residual 

classic method, which uses the following expression (Bierhuizen and Wagenvoort, 1974; 

Ruiz et al., 2002).  

Daily accumulated heat units = DMAT − Tb 

Where: 

DMAT: Daily mean air temperature 

Tb: base temperature   
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The daily accumulated heat units for maize were calculated with the data logged at 150 cm 

with a 10°C base temperature Hou et al. (2014); while for the crops (bean and squash) were 

calculated with the logged data at 15 cm with a base temperature of 8.3°C. In addition, the 

sums of the daily accumulated heat units during all the experiment were used to determine 

the accumulated heat units or growing degree days (GDD) (Yousaf et al., 2020) for each 

environment and were compared between the two treatments. 

Physiological variables measurement 

Physiological variables were determined for each crop in the intercropping system of the 

milpa. Table 2 summarizes the variables' measurement. 
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Table 2. Physiological variables and their description used to determine the effect of 

induced passive heat on milpa system from different climate of San Luis Potosí 

Variables Maize Bean Squash 

Leaf number per 

plant 

10 competitive 

plants were selected 

and counted the 

number of leaves in 

each plot. 

5 competitive plants 

were selected and 

counted the number 

of leaves in each 

plot. 

3 competitive plants 

were selected and 

counted the number 

of leaves in each 

plot. 

Leaf length (cm) 10 leaves were 

selected just after the 

ear insertion.  

  

   

Width leaf (cm) 10 leaves were 

selected just after the 

ear insertion. 

  

Leaf area (cm2) Were calculated 

with data of the 

length and width. 

  

Rate of growth 10 competitive 

plants were selected 

and determined in a 

period of 135 days.  

5 competitive plants 

were selected and 

determined in a 

period of 105 days. 

3 competitive plants 

were selected and 

determined in a 

period of 105 days. 

Height to ear 

insertion (m) 

10 competitive 

plants were selected 

and determined in 

each plot. 

  

Stem thickness 

(mm) 

10 competitive 

plants were selected 

and determined in 

each plot. 

5 competitive plants 

were selected and 

determined in each 

plot. 

3 competitive plants 

were selected and 

determined in each 

plot. 

Plant height 10 competitive 

plants were selected 

and determined in 

each plot. 

5 competitive plants 

were selected and 

determined in each 

plot. 

3 competitive plants 

were selected and 

determined in each 

plot. 

Days for female 

flowering per plot 

In each plot, the 

female flowering in 

days to 50% silking. 
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Days for male 

flowering per plot 

In each plot, the 

male flowering in 

days to 50% anther 

extrusion. 

  

Number of flowers 

per plant 

 5 competitive plants 

were selected and 

counted the number 

of flowers in each 

plot. 

3 competitive plants 

were selected and 

counted the number 

of flowers in each 

plot. 

Chlorophyll 

fluorescence 

parameters 

6 competitive plants 

in each were 

selected and 

measured from 13h 

to 16h in two 

moments.  

3 competitive plants 

in each were 

selected and 

measured from 13h 

to 16h in two 

moments. 

3 competitive plants 

in each were 

selected and 

measured from 13h 

to 16h in two 

moments. 

Gas exchange 

parameters 

6 competitive plants 

in each were 

selected and 

measured from 9h to 

11h in two moments. 

3 competitive plants 

in each were 

selected and 

measured from 9h to 

11h in two moments.  

3 competitive plants 

in each were 

selected and 

measured from 9h to 

11h in two moments. 

 

Plant growth and development measurement   

Rate of growth, plant height, stem thickness, leaf length, width of leaf, leaf area, height to 

ear insertion, days to female and male flowering, number of flowers, and leaves were used 

to determine the growth and development dynamic of the crops in each plot. 

The rate of growth (RG) was defined as the increment in longitude of the plants measured 

from the base of the soil to the top of the plant height. The RG for maize was determined 

from 30 days after first emergence to 170 days in m day-1. For bean and squash, they were 

determined from 30 days after first emergence to 135 days in cm day-1. The following 

formula was used:  

The equation below was used Del Pozo et al. (1987):  

RG =
PH2 − PH1

T2 − T1
 

Where: PH1 and PH2 are the plant height, T1 and T2 the previously indicated times. 

Plant height was measured from the ground surface to the tip of the plant. Stem diameter 

(mm) was measured using the Vernier Caliper; it was measured at 10 cm above the ground 
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level for each crop. Leaf characteristics (length and width) were evaluated in three leaves 

(one above and two below the leaf associated with the ear). The general equation was used 

to estimate individual leaf area of maize (Francis et al., 1969; Zhou et al., 2020): 

𝐿𝑒𝑎𝑓 𝑎𝑟𝑒𝑎 = 𝐿 × 𝑊 × 𝐴  where L and W are the length and width, respectively, of the leaf. 

The height of the ear insertion was measured from the distance between the ground surface 

and the ear insertion of the selected maize. Male and female flowering were measured on 

each plot. Male flowering was recorded as the number of days from sowing to the first anther 

extrusion. Female flowering was the number of days from sowing to the first visible silk. The 

number of flowers and leaves per plant was estimated by counting the number of flowers and 

leaves on bean and squash plants; in the case of maize, only the number of leaves was 

determined. 

Measurement of plant chlorophyll fluorescence parameters 

On fully open leaves, chlorophyll fluorescence variables were measured using a portable 

photosynthesis system (LI-6400XT, LI-COR) fitted with a fluorescence chamber (LI-6400-

XT). At predetermined intervals, minimal (Fo) and maximal (Fm) fluorescence were 

measured, followed by a 0.2 s weak modulated saturating light flash. Actinic light at 1600 

mol m-2 s-1 was used to illuminate the leaf. It followed application of saturating light pulse 

for 0.8 s to record Fm. The actinic light was switched off and far-red light was applied to 

determine Fo. Total energy harvesting efficiency in the light, NPQ (alternative non 

photochemical quenching) and qN (non photochemical quenching), and electron transport 

rate (ETR) were calculated. The following equation was used to compute the photochemical 

quenching (qP) parameters, the proportion of open PSII, and the quantum yield of PSII 

(PhiPS2). The following equations was reported from Maxwell and Johnson (2000); 

Ramazan et al. (2021); Vargas-Ortiz et al. (2021): 

𝐹𝑣

𝐹𝑚
=

𝐹𝑚 − 𝐹𝑜

𝐹𝑚
 

𝑞𝑃 =
𝐹´𝑚 − 𝐹𝑠

𝐹´𝑚 − 𝐹´𝑜
 

𝑃ℎ𝑖𝑃𝑆2 =
𝐹´𝑚 − 𝐹𝑠

𝐹´𝑚
 

𝑁𝑃𝑄 = (
𝐹𝑚

𝐹´𝑚
) − 1 

𝐸𝑇𝑅 = 𝑃ℎ𝑖𝑃𝑆2. 𝑃𝑃𝐹𝐷. 𝛼. 𝛽 

Where: 

Fv/Fm: Maximum efficiency of the Photosystem II (PSII) 
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Fo: Basal chlorophyll a fluorescence (in the dark) Minimal F (Fluorescence signal (zero 

subtracted)) 

F´o: Basal chlorophyll a fluorescence (after light-dark transition) Minimal F, light adapted 

Fm: Maximum chlorophyll a fluorescence, dark adapted 

F´m: Maximum chlorophyll a fluorescence, light adapted 

Fs: Apparent chlorophyll a fluorescence in the light-adapted steady-state fluorescence 

PPFD: Photosynthetic photon flux density 

α denotes the leaf absorbance and β is the partitioning of absorbed quanta between 

photosystems I and II. Latter was assumed to be 0.5, indicating that equal distribution of 

excitation energy occurs between two photosystems, while the former is assumed as 0.86 

(Tosens et al., 2012). 

Plant gas exchange parameters measurement 

The parameters of gas exchange were analysed in order to understand more about plant 

physiology and photosynthetic machinery of the crops from different climate under the effect 

of passive induced heat. Fully sun-exposed state was used for recording the leaf gas exchange 

parameters: CO2 assimilation photosynthetic rate (µmol CO2 m
-2 s-1)), stomatal conductance 

(mmol H2O m-2 s-1), transpiration rates (mmol H2O m-2 s-1) and the intrinsic water use 

efficiency (iWUE (µmol CO2 mol-1 H2O) as the relationship between photosynthetic rate and 

transpiration (Cho et al., 2019; Estévez-Geffriaud et al., 2020). Also, with a LiCOR LI-

6400XT system (LiCor, USA), the youngest fully developed leaves were used, and 

measurements were recorded from an intermediate leaf position on one side of the central 

nerve for maize genotypes Estévez-Geffriaud et al. (2020); while for bean and squash, 

competitive plants were selected and intermediate leaves were used for the measurements.  

Prior to measurements of chlorophyll fluorescence and gas exchange parameters in light 

conditions, photosynthetic active radiation (PAR) was monitored near to plants with the PAR 

sensor of the LI-6400XT chamber Vargas-Ortiz et al. (2021); and values were estimated at 

1500 μmol m-2 s-1 in control plots and 800 μmol m-2 s-1 in OTC plots for maize genotypes, 

while for bean and squash the values were 100 and 180 μmol m-2 s-1 respectively, due to the 

shade under maize plants. The level of PAR was provided for measuring leaves as actinic 

light (10% blue light and 90% red light) passed the LI-6400XT leaf chamber during 

assessment. Photosynthetic parameters were obtained directly (except iWUE) from the 

portable photosynthesis system LI 6400XT and its calculation was established on LI-6400XT 

instruction manual (LI-6400 T Instruction Manual, v6, LI-COR Bioscience, Inc.). The 

measurements were made at 45 and 75 days after the emergence of the crops, corresponding 

to the early stage and physiological maturity of the crops, respectively. 
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Yield variables and components plants 

Different yield variables and components were determined for the three crops for each milpa 

system. For maize, cob diameter (mm), cob weight (g), cob length (cm), number of rows per 

cob, number of cobs per plant, number of grains per row, 100 grains weight per plot (g) and 

yield (t ha-1) were registered. 10 cobs were used to determine the mentioned variables, while 

the number of cobs per plant was measured on 10 plants in each plot (See Table 2). However 

for bean and squash only the yield (t ha-1) parameter was determined for each crop. 

Statistical analysis 

The data for the physiological (plants growth, development, and photosynthetic) and yield 

variables were analyzed using the GLM procedure of the program Statistical Analysis System 

(SAS, 2003). The model is characterized by two fixed factors, namely ‘genotypes’ and 

‘environment’ as well as their interaction ‘genotypes x environment’ for each crop. The 

Tukey test was used to check for significant differences between the treatment means. If P < 

0.05, the effects and interactions were considered significant. Data were examined for 

normality before being analyzed, and transformation was employed to correct them. The 

abiotic variables were analyzed using a repeated measure analysis of variance (ANOVA). 

They were compared between the OTC and control environments and summarized for each 

data-logger. Data shown are the means and standard error. Vertical bars signify standard 

error, and, on the top, different letters represent significant difference among the means 

according to Tukey’s test (P < 0.05). Correlations between abiotic variables and the 

physiological, photosynthetic and yield parameters were conducted in Paleontological 

Statistics Software package for education and data analysis (Past 4.0). 
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Results 

Abiotic variables under OTC and control plots 

Overall, the minimal, maximal, and mean daily temperatures all increased significantly in 

the OTC treatments, and a significant difference was also recorded for the accumulated heat 

units at the two evaluated positions (Figure 3). 

During the experiment, at 15 cm above the soil, the minimal daily temperature (mean±error 

standard) was 10.68±0.37°C in the control plots and 12.17±0.3°C in the OTC plots. This 

variable significantly differed between the environments (Fvalue=2.29, CM=152.68 and 

P=0.0025) and that means the structure of OTC increased by an average of 1.49ºC the 

minimum daily temperature during the experiment. The maximum daily temperature was 

35.26±0.31°C inside the OTC and 31.7±0.23°C within control and significantly differed 

between the two environments (Fvalue=82.05, CM=880.24 and P<0.0001) and the use of 

OTC increased up to 3.56°C in comparison to the control. The mean daily temperature was 

21.20±0.22°C in control plots and 23±0.23°C in OTC plots. This variable significantly 

differed between the treatments (Fvalue=82.05, CM=880.24 and P<0.0001) and that means 

the structure of OTC increased the mean daily temperature during the experiment to 1.8°C. 

Then, the accumulated heat units recorded in OTC were statistically superior to the ones 

inside the control plots. The OTC recorded 350.36 GDD (Growing Degree Days) more in 

comparison to the control during the 139 days. That means the induced passive heat increased 

the accumulated heat units during all the experimentation (Figure 3A). 

At 150 cm above the  soil, the minimal daily temperature was 10.65±0.29°C in control and 

11.87°C in OTC plots. The difference between the two conditions was significant (Fvalue= 

7.82; CM=103.65 and P=0.005), indicating that the OTC raised the minimum daily 

temperature up to 1.22°C. The maximum daily temperature was 36.38±0.27°C inside the 

OTC and 30.30±0.22°C within control and significantly differed between the two 

environments (Fvalue=298.5, CM=2565.89 and P<0.0001) and the use of OTC increased up 

to 6.08°C in comparison to the control environment. The mean daily temperature was 

20.48±0.17°C in the control plots and 24.13±0.19°C in the OTC plots. This variable showed 

significant differences between the environments (Fvalue=195.32, CM=925.25 and 

P<0.0001) showing that the OTC structure increased the mean daily temperature by 3.65°C 

during the experiment. A total of 1964.17±13.97 GDD was recorded in the OTC plots vs. 

1459±10.37 GDD in the control plots during all the duration of the experiment. A significant 

difference was observed between the two environments (Fvalue=195.32, CM=925.25 and 
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P<0.0001). 504.18 GGD more was obtained in the OTC plots in comparison to the control 

plots (Figure 3B). 

 

Fig 3. Average daily values of registered temperatures and accumulated heat units 

calculated in the Open Top Chamber (OTC) and in the control environments at A) 15 

cm and B) 150 cm above the soil. Vertical bars indicate the standard error for the 

accumulated heat units during all the experiments (n = 2). Different letters represent 

significant difference among the means according to Tukey’s test (P < 0.05). 

Effect of the induced passive heat on maize + bean + squash growth and development 

Significant effects of the genotypes and the environment on some of the physiological 

variables using analysis of variance were observed. The interactions Environment (E) x 

Genotypes (G) (E x G) were significant for plant height, width leaf and rate of growth for 

maize; number of leaves per plant and stem thickness for bean; and number of leaves per 

plant, stem thickness, plant height, and rate of growth were significant for squash (See 

supplementary data Table 1). When the interaction was not significant, the simple effect of 

the environmental and genotypic factors was considered. 

In Figure 4, the mentioned interactions (E x G) respond to growth and development variables 

of each crop (maize+bean+squash) from each agro-ecological zone at each treatment.  

The passive induced heat increased the plant height and rate of growth of the maize 

genotypes. The maize genotypes in the OTC plots reached a mean of 2.57±0.09 m for plant 

height while in the control plots it was 2.06±0.16 m; and 0.013±0.0008 m day-1 in OTC plots 

and 0.010±0.001 m day-1 in control plots. The genotypes from Huasteca (hot and humid 

climate) in the OTC and control plots showed the maximum plant height and rate of growth 

and were significantly superior to those from warm-dry (Altiplano) and template (Media) 
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where the induced passive heat did not affect the plant height and rate of growth of the maize 

genotypes. The induced passive heat affected the width leaf of the maize where the genotypes 

grown in control plots showed a mean of 11.17±0.06 cm vs. 9.05±0.44 cm in OTC plots. 

However, the width of the leaf was statistically equal for the maize in control plots and 

superior to the ones reported in OTC for each genotype. Under control and OTC conditions, 

the E x G interaction for stem thickness reported no difference for the maize plants. That 

mean, the stem thickness reported under the two conditions were statistically equals for each 

genotype. However, more stem thickness was registered under control for genotypes from 

Media (template climate) and Altiplano (warm-dry climate), while for Huasteca (hot and 

humid climate), the maximum stem thickness was observed under OTC plots.  

The number of leaves per plant decreased significantly under the OTC for the E x G of the 

squash plants, where in the control environment the mean was 60.5±1.42 vs. 35.38±4.5 under 

the OTC plots. That means the induced passive heat decreased by 41.52% the number of 

leaves per plant of the squash. The genotypes from the template climate (Media) were the 

most affected, with a significant difference under the induced passive heat. Under the E x G, 

the plant height and rate of growth were affected by the induced passive heat of the squash. 

The squash in control plots registered a plant height and rate of growth of 106.72±3.77 cm 

and 0.7±0.06 cm day-1 respectively against 97.92±0.56 cm and 0.6±0.00001 cm day-1 under 

OTC conditions. The genotypes from Huasteca (hot and humid climate) and Altiplano 

(warm-dry) reported significant differences for plant height and rate of growth, while the 

ones from Media (template climate) showed no difference. Also, for the stem thickness, only 

the genotypes from the hot and humid climate (Huasteca) registered significant differences 

under the effect of the passive heat, while for the template (Media) and warm-dry (Altiplano), 

no differences were observed.  

For bean, the E x G revealed no differences. However, the bean from Huasteca (hot and 

humid climate) registered a significant difference of stem thickness in comparison to the ones 

from warm-dry and template climates (Altiplano and Media, respectively). A mean of 

10.79±0.51 mm and 9.45±0.54 mm was observed for the bean from Huasteca grown under 

OTC and control environments, respectively. On the other hand, the means were 

5.55±0.25mm (OTC) vs. 6.33±0.35mm (control) and 6.32±0.16mm (OTC) vs. 6.74±0.22 

mm (control) for the beans from warm-dry (Altiplano) and template (Media) climates, 

respectively. Finally, the number of leaves per plant was affected by the induced passive heat. 

The E x G showed a significant difference for the beans from Huasteca (hot and humid 

climate) and Altiplano (warm-dry climate), where the number of leaves per plant for the bean 

grown under control was statistically superior to the ones under passive heat conditions, 

while no difference was observed between bean from Media (template climate). 34.04% 

more leaves were registered under control conditions for the beans from Huasteca (hot and 

humid climate) in comparison to OTC conditions, while for Altiplano (warm-dry climate), 

the effect of the passive heat decreased the number of leaves by 42.97%.  
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Fig 4. Effect of induced passive heating on plant height (m), rate of growth (m.day-1), 

width leaf (cm) and stem thickness (mm) of maize; number of leaves per plant, plant 

height (cm), stem thickness (mm) and rate of growth (cm.day-1) of squash and stem 

thickness (mm) and number of leaves per plant on bean from different climate of the 

state of San Luis Potosí (Mexico). OTC: Open top Chamber; C: Control; HUA: 

Huasteca (hot and humid climate); MED: Media (temperate climate); ALTI: Altiplano 

(warm-dry climate). The letters a, b, c, and d indicate significant differences according 

to the Tukey test (P < 0.05). Vertical bars indicate the standard error, (n= 20 for maize, 

n=10 for bean and n= 6 for squash). 

Simple effects of the factors (Environment and Genotypes) were observed for leaf number 

per plant, leaf length, leaf area, days for female flowering per plot, days for male flowering 

per plot and height to ear insertion for maize; number of flowers per plant, plant height and 

rate of growth for bean and number of flowers per plant for squash (See supplementary data 

Table 1). 
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Table 3 shows the simple effect of passive heat and controlled environments over variables 

of growth and development for maize, bean, and squash plants. For the factor environment, 

the OTC decreased significantly the leaf number per plant, leaf area, days for male flowering 

per plot and height to ear insertion for maize plants, number of flowers per plant and rate of 

growth for beans and finally the number of flowers per plant for squash.  

No differences were observed for the variables leaf length and days for female flowering per 

plot for maize and plant height for beans. The OTC decreased the leaf area of the maize up 

to 132.64 cm2, but it significantly accelerated the days for male flowering per plot to 6.2 days 

and the height to ear insertion to a mean of 1.41±0.03 m vs. 0.98±0.03 m in the control 

conditions. For bean, the number of flowers per plant and rate of growth were affected by the 

passive heat and decreased by up to 7.3 and 0.05 cm day-1, respectively. The squash was one 

of the crops most affected by the induced passive heat for the variables number of flowers 

per plant, where it decreased by up to 61.97% in comparison to control environments.  

For the factor genotypes represented by the climate procedence of the crops, the genotypes 

from the hot and humid climate (Huasteca) registered a significant difference and were 

statistically superior to the ones from the warm-dry and template climates (Altiplano and 

Media, respectively) for the variables leaf number per plant, leaf length, leaf area, days for 

female flowering per plot, days for male flowering per plot, and height to ear insertion for 

maize plants. The genotypes from Huasteca (hot and humid climate) registered 103.9±1.35 

cm of leaf length while the ones from Altiplano (warm-dry) and Media (template) were 

93.0±0.3 and 90.4±0.2 cm, respectively. In addition, more leaf area was observed in the 

maize from Huasteca (hot and humid climate) with 810.29±20.9 cm2 while for genotypes 

from Altiplano (warm-dry) it was 723.12±16.9 cm2. The genotypes from Media (template) 

registered the least leaf area. On the other hand, the genotypes from Huasteca (hot and humid 

climate) took more time to reach the female and male flowering stages, with a mean of 

67.2±1.51 days and 66.2±1.51 days, respectively, while the maize from Altiplano (warm-

dry) and Media (template) took less time to reach their reproductive stage.  

In addition, for the number of flowers per plant, the bean from the hot and humid and template 

climates (Huasteca and Media, respectively) registered the maximum flowers, while for the 

squash, no differences were observed between the three climates. For plant height, the bean 

from hot and humid and template climates (Huasteca and Media, respectively) showed the 

maximum values, while for rate of growth, it was the hot and humid and warm-dry climates 

(Huasteca and Altiplano, respectively) where the maximum values were registered with a 

mean of 0.16±0.01 and 0.13±0.01 cm day-1, respectively.  
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Table 3. Effect of the induced passive heating on variables of growth and development for 

the milpa system (maize+bean+squash) from different climates [Altiplano (warm-dry), 

Media (template) and Huasteca (hot and humid climate)] of the state of San Luis Potosí 

(Mexico).  

Maize 

Leaf number per plant 

Factor environment (N=60) Factor genotype (N=40) 

OTC Control Altiplano Media Huasteca 

12±0.25b 13±0.26a 12±0.3b 11±0.2b 14±0.2a 

LSD =0.52 LSD =0.77 

Leaf length (cm) 

Factor environment (N=60) Factor genotype (N=40) 

OTC Control Altiplano Media Huasteca 

96.7±1.37a 95.1±1.26a 93±1.22b 90.4±1.42b 103.9±1.35a 

LSD =3.1 LSD =4.5 

Leaf area (cm2) 

Factor environment (N=60) Factor genotype (N=40) 

OTC Control Altiplano Media Huasteca 

664.3±14.62b 796.97±14.12a 723.12±16.9b 658.54±15.6c 810.29±20.9a 

LSD =33.5 LSD =49.3 

Days for female flowering per plot 

Factor environment (N=60) Factor genotype (N=40) 

OTC Control Altiplano Media Huasteca 

61.7±2.93a 57.2±2.27a 55.7±2.01b 55.2±2.8b 67.2±1.51a 

LSD =6.2 LSD =9.6 

Days for male flowering per plot 

Factor environment (N=60) Factor genotype (N=40) 

OTC Control Altiplano Media Huasteca 

57.5±2.67b 63.7±1.3a 56.5±2.01b 59±2.81b 66.2±1.51a 

LSD =4.4 LSD =6.7 

Height to ear insertion (m) 

Factor environment (N=60) Factor genotype (N=40) 

OTC Control Altiplano Media Huasteca 

1.41±0.03a 0.98±0.03b 1.23±0.05ab 1.11±0.05b 1.25±0.04a 

LSD =0.03 LSD =0.05 

Bean 

Number of flowers per plant 

Factor environment (N=60) Factor genotype (N=40) 

OTC Control Altiplano Media Huasteca 

12.9±0.76b 20.2±0.43a 14±1.49b 19.6±0.66a 18.08±0.72ab 
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LSD =1.67 LSD =2.46 

Plant height (cm) 

Factor environment (N=60) Factor genotype (N=40) 

OTC Control Altiplano Media Huasteca 

37.96±0.8a 36.68±0.71a 35.35±1.05b 37.32±0.71ab 39.28±0.77a 

LSD =2.42 LSD =3.56 

Rate of growth (cm day-1) 

Factor environment (N=60) Factor genotype (N=40) 

OTC Control Altiplano Media Huasteca 

0.11±0.007b 0.16±0.007a 0.13±0.01ab 0.12±0.01b 0.16±0.01a 

LSD =0.02 LSD =0.03 

Squash 

Number of flowers per plant 

Factor environment (N=60) Factor genotype (N=40) 

OTC Control Altiplano Media Huasteca 

5.11±0.75b 13.44±1.15a 12.58±1.94a 8.08±1.3a 7.17±1.32a 

LSD =4.3 LSD =6.35 

OTC: Open top chamber; LSD: Least Significant Difference; The letters a, b, c, and d indicate 

significant differences according to the Tukey test (P < 0.05). 

Effect of the induced passive heat on the yield and its component variables on milpa 

system (maize+bean+squash) 

Significant effects of the genotypes and the environment over some of the yield and its 

component variables using analysis of variance were observed. The interactions Environment 

(E) x Genotypes (G) (E x G) were significant for cob diameter, cob weight and number of 

rows per cob for maize; yield for squash and bean (See supplementary data Table 2). When 

the interaction was not significant, the simple effect of the environmental and genotype 

factors was considered. 

Figure 5 depicts the yield and its component variables' responses to the milpa  system 

(maize+bean+squash) as a result of the combined effect of the factors environment and 

genotype.  

The yield components of the maize showed different responses to the combination of 

different environment and genotypes for the cob diameter, the cobs from the template climate 

(Media) registered the maximum values and were statistically superior to the ones from 

warm-dry and hot and humid climates (Altiplano and Huasteca, respectively). That means, 

the passive induced heat beneficed the cob diameter of the maize from the template climate 

(Media), while for the two last ones, there were no differences of cob diameters between 

OTC and control treatments. The maximum values of cob weight were registered in the 

interaction control environment and the maize genotypes. Under this interaction, the cob 
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weight were 297.32±19.87 g, 241.74±9.01 g and 183.67±6.65 g for Altiplano (warm-dry), 

Media (template), and Huasteca (hot and humid), respectively. That means the induced 

passive decreased the cob weight and the minimum values were recorded for genotypes from 

hot and humid and warm-dry climates (Huasteca and Altiplano, respectively).  

The maximum number of rows per cob was recorded under the interaction OTC in cobs from 

warm-dry climate (Altiplano) with 11.75±0.31 and 11.1±0.27 under control conditions, and 

there was no statistical difference between them. Also, no statistical differences were 

observed for the number of rows per cob of the genotypes from Huasteca and Media. That 

means the induced passive heat did not affect their number of rows per cob of the maize.  

The squash yield was one of the most affected by the induced passive heat (See 

supplementary data Photo 1). A significant difference was recorded in the E x G where, under 

OTC plots, the yield decreased in comparison to control plot values. The maximum yield was 

registered under control plots from Altiplano (warm-dry) and Media (template). The induced 

passive heat decreased the yield of the squash by up to 87.02% and 90.92% in the warm-dry 

(Altiplano) and template climates (Media), respectively (See supplementary data Photo 1). 

Also, for the squash from Huasteca (hot and humid), a loss of the yield was observed, with 

a value of 91.94% in comparison to control plots.  

For bean, the yield was affected significantly and decreased under the effects of the passive 

heat for the genotypes from the hot and humid climate (Huasteca) with 1.12±0.03 t ha-1 in 

control plots vs. 0.77±0.04 t ha-1 in OTC conditions. On the other hand, no statistical 

differences were recorded for the genotypes from Media and Altiplano (template and warm-

dry climates, respectively) under the OTC and control environments. However, the bean from 

Altiplano registered the lowest yield under OTC and control environments.  
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Fig 5. Effect of induced passive heating on cob diameter (mm), cob weight (g), number 

of rows per cob for maize plants; yield (t ha-1) for squash and bean from different 

climate of the state of San Luis Potosí (Mexico). OTC: Open top Chamber; C: Control; 

HUA: Huasteca (hot and humid climate); MED: Media (temperate climate); ALTI: 

Altiplano (warm-dry climate). The letters a, b, c, and d indicate significant differences 

according to the Tukey test (P < 0.05). Vertical bars indicate the standard error.  

 

Simple effects of the factors (Environment and Genotypes) were observed for number of cob 

per plant (NCP), cob length (CL), number of grains per row (NGR), 100 grains weight per 

plot (100GW), and yield (Y) for maize (See supplementary data Table 2). 

Table 4 shows the simple effect of maize yield and its component variables under the effect 

of passive heat and control environments. Under the environmental factor, induced passive 

heat significantly reduced all yield and its component variables for maize. 

The number of cob per plant, cob length, number of grains per row, 100 grains weight per 

plot, and yield decreased by up to 0.94, 3.95 cm, 6.95, 6.77 g, and 2.33 t ha-1 respectively, in 

comparison to control conditions. 
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Under the factor genotypes represented by the climate procedence of the maize, the 

genotypes from the hot and humid climate (Huasteca) showed significant differences for the 

number of cob per plant and number of grains per row and were statistically superior to those 

registered from Altiplano and Media (warm-dry and template climates, respectively), while 

for cob length no differences were registered for the factor genotype of the crops. In addition, 

the genotypes from Altiplano and Media (warm-dry and template climates, respectively) 

registered the maximum values of 100 grains weight per plot and yield, with means of 

48.39±2.14 g and 49.55±0.43 g and 5.08±0.73 t ha-1 and 4.62±0.48 t ha-1 yield for Altiplano 

and Media (warm-dry and template climates, respectively) while from Huasteca (hot and 

humid); the values were 38.84±2.7 g (for 100 grains weight per) and 2.93±0.61 t ha-1 (for 

yield), being the one with the least yield and 100 grains weight per plot for maize genotypes 

(Table 4). 
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Table 4. Effect of the induced passive heating on yield and its component variables of the 

maize from different climates [Altiplano (warm-dry), Media (template) and Huasteca (hot 

and humid climate)] of the state of San Luis Potosí (Mexico).  

Maize 

Number of cob per plant 

Factor environment (N=60) Factor genotype (N=40) 

OTC Control Altiplano Media Huasteca 

1.26±0.06b 2.2±0.08a 1.55±0.1b 1.75±0.1ab 1.9±0.13a 

LSD =0.07 LSD =0.1 

Cob length (cm) 

Factor environment (N=60) Factor genotype (N=40) 

OTC Control Altiplano Media Huasteca 

14.36±0.29b 18.31±0.14a 16.08±0.43a 16.49±0.38a 16.42±0.45a 

LSD =0.65 LSD =0.95 

Number of grains per row 

Factor environment (N=60) Factor genotype (N=40) 

OTC Control Altiplano Media Huasteca 

30.65±1b 37.6±0.5a 32.22±0.75b 33.42±0.96b 36.72±1.46a 

LSD =2.21 LSD =3.24 

100 grains weight per plot (g) 

Factor environment (N=6) Factor genotype (N=4) 

OTC Control Altiplano Media Huasteca 

42.21±2.76b 48.98±1.71a 48.39±2.14a 49.55±0.43a 38.84±2.71b 

LSD =4.22 LSD =6.48 

Yield (t ha-1) 

Factor environment (N=6) Factor genotype (N=4) 

OTC Control Altiplano Media Huasteca 

3.05±0.42b 5.38±0.53a 5.08±0.73a 4.62±0.48ab 2.93±0.61b 

LSD =4.22 LSD =1.95 

OTC: Open top chamber; LSD: Least Significant Difference; The letters a, b, c, and d indicate 

significant differences according to the Tukey test (P < 0.05). 
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Effect of induced passive heat on photosynthetic capacity of milpa system 

(maize+bean+squash) 

Effect of induced passive heat on chlorophyll fluorescence parameters measured at 45 

days after emergence of each crop of the milpa (maize+bean+squash) 

Significant effects of the genotypes and the environment on some of the chlorophyll 

fluorescence parameters using analysis of variance were observed. For the interactions 

Environment (E) x Genotypes (G) (E x G), Electron Transport Rate (ETR), Alternative non-

photochemical quenching (NPQ), Quantum yield of the Photosystem II (PhiPS2), Non-

photochemical quenching (qN), and Photochemical quenching (qP) were significant for 

beans and squash (except NPQ), but none of the parameters were significant for the 

interaction E x G for maize (See supplementary data Table 3). When the interaction was not 

significant, the simple effect of the environmental and genotypic factors was considered. 

Table 5 shows the chlorophyll fluorescence parameters measured in each crop 

(maize+bean+squash) at 45 days after emergence.  

No differences were recorded for the effect of the induced passive heat on ETR with 58.2±3.9 

μmol m−2 s−1 in OTC plots and 61.1±3.3 μmol m−2 s−1 in control plots for maize genotypes. 

However, under the genotype effect, the maize from Huasteca (hot and humid climate) 

showed the maximum ETR (71.7±5.2 μmol m−2 s−1) and statistically superior to those from 

warm-dry (Altiplano) and template climates (Media) with 54.2±3.3 and 53.1±3.5 μmol m−2 

s−1, respectively. 

ETR was found to be higher in OTC plots from hot and humid climate (Huasteca) with a 

mean of 51.4±0.5 μmol m−2 s−1 and 41.4±1.01 μmol m−2 s−1 in control plots, which were 

statistically superior to the values recorded in the E x G from Altiplano and Media (warm-

dry and template climates, respectively), where the lowest values were recorded in bean from 

Altiplano with 15.2±1.7 μmol m−2 s−1 in OTC and 12.3±0.5 μmol m−2 s−1 in control plots. 

That means, the induced passive heat increased the ETR of the bean from hot and humid 

climate (Huasteca).  

On the other side, the ETR of the squash (from Media and Huasteca) was significantly 

impacted by the produced passive heat with a significant difference. The higher values were 

reported under control plots from Media and Huasteca (template and hot and humid climates, 

respectively), with values of 81.03±1.29 and 62.13±1.14 μmol m−2 s−1, respectively. The 

induced passive heat decreased by up to 38.36 and 41.74 μmol m−2 s−1 in comparison to 

control plots from Media (template) and Huasteca (hot and humid), respectively. The squash 

from Altiplano, on the other hand, benefited from the influence of the produced passive heat 

with and was significantly higher than the squash planted in control plots.  
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The most important quenching parameters in assessing plant performance under stress 

circumstances are Fv/Fm, PhiPS2, and qP (Gallé and Flexas, 2010). In this approach, the 

produced passive heat harmed the bean and squash crops, lowering their Fv/Fm, which 

indicates photosystem II's maximal photochemical efficiency and potential activity in plant 

leaves.  

For bean and squash, the decreases were 0.07 and 0.05, respectively. However, for maize, 

the passive heat increased the Fv/Fm with significant differences, and the values were 

0.75±0.008 in OTC and 0.72±0.005 in control plots. Also for PhiPS2, the maximum value 

was reported in OTC with 0.08±0.006 and 0.05±0.005 in control conditions for maize 

genotypes. That indicates the position of the leaves inside the plots can influence the 

chlorophyll fluorescence parameters. Under the genotype factor, the maize from hot and 

humid (Huasteca) reported a significant difference and the mean was 0.08±0.008 while for 

the others from Altiplano (warm-dry) and Media (template), the mean was 0.06±0.008 for 

each.  

The E x G indicated that the maximum value of PhiPS2 in bean was recorded in control plots 

from Altiplano (warm-dry) and Media (template) with 0.26±0.01 vs. 0.15±0.01 in OTC and 

0.07±0.001 in control vs. 0.05±0.001 in OTC, respectively. In addition, for the bean from 

Huasteca (hot and humid), no difference was reported between control and OTC. For squash, 

the maximum PhiPS2 was recorded in control plants from Altiplano (warm-dry), but the 

differences were not significant for each genotype in the two environments.  

Non-photochemical quenching (qN) and alternative non-photochemical quenching (NPQ) 

were impacted for the effect of the induced passive heat where their values under control 

conditions were significantly higher than the reported in OTC for maize genotypes. qN and 

NPQ in control were 0.91±0.003 and 1.84±0.04 while in OTC were 0.84±0.01 and 1.55±0.06, 

respectively.  

For bean, the E x G reported the maximum values of qN in control conditions from Huasteca 

(hot and humid) but the difference was not significant for the two conditions. On the other 

hand, the induced passive heat significantly affected the bean from Altiplano and Media 

(warm-dry and template climates, respectively); they decreased by up to 24.24% and 50%, 

respectively, the qN in comparison to the control conditions.  

In comparison to control conditions, the induced passive heat impacted the squash from  

Media (template), where they lost up to 62.07% of the qN. However, the induced passive 

heat significantly increased the qN of the squash from Altiplano (warm-dry), where the mean 

was 0.33±0.07 in OTC and 0.16±0.04 in control, while no difference was reported for the 

squash from Huasteca (hot and humid). That means, the procedence of the plants may 

influence the qN parameters.  
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The qP reported no difference for the maize genotypes under the effect of the passive heat, 

while for the factor genotype, the maize from a hot and humid climate (Huasteca) showed 

the maximum values with 0.37±0.02 and statistically superior to the qP of the genotypes from 

Altiplano and Media (warm-dry and template climates, respectively). 

For bean, the E x G reported a significant difference for the plants from Media (template) 

where the induced passive heat increased the qP of the bean with 0.55±0.01 vs. 0.31±0.06 in 

control environment. On the other hand, no statistic differences were recorded for the bean 

from Altiplano and Huasteca (warm-dry and hot and humid climates, respectively) under the 

effect of the passive heat, however the ones from Huasteca reported up to 0.23 qP in 

comparison to OTC conditions.  

The qP of the squash increased significantly under OTC conditions for the plants from a hot 

and humid climate (Huasteca), where the qP increased by up to 57.14% in comparison to 

control conditions, while no differences were reported for the squash from Altiplano and 

Media (warm-dry and template climates, respectively) under the effect of the passive heat 

(Table 5). 
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Table 5. Chlorophyll fluorescence parameters measured in different system of milpa 

(maize+bean+squash) from different environment under induced passive heat and controlled 

ambient at 45 days after emergence of each crop. 

 Electron Transport Rate (ETR) (μmol m−2 s−1) 

Genotypes  

Crops Environment Altiplano Media Huasteca Significance 

Maize OTC 58.2±3.9a Environment x 

Genotypes(ns) 

N=12 

Environment(ns) 

N=36 

Genotypes** N=24 

Control 61.1±3.3a 

LSD 0.06 

 54.2±3.3b 53.1±3.5b 71.7±5.2a 

LSD 0.08 

Bean OTC 15.2±1.7d 23.5±2.58c 51.4±0.5a Environment x 

Genotypes** N=6 

Environment* 

N=18 

Genotypes*** 

N=12 

Control 12.3±0.5d 24.4±1.11c 41.4±1.01b 

LSD 0.24 

Squash OTC 40.93±6.65b 42.67±10.39b 20.39±1.6c Environment x 

Genotypes*** N=6 

Environment** 

N=18 

Genotypes*** 

N=12 

Control 18.26±1.51c 81.03±1.29a 62.13±1.14ab 

LSD 24.34 

 Maximum efficiency of the Photosystem II (Fv/Fm) 

Maize  Genotypes  

 Altiplano Media Huasteca Environment x 

Genotypes(ns) 

N=12 

Treatment** N=36 

Genotypes(ns) 

N=24 

OTC 0.75±0.008a 

Control 0.72±0.005b 

DMS 0.02 

 0.75±0.01a 0.73±0.007a 0.73±0.006a 

LSD 0.03 

Bean OTC 0.59±0.01b Environment x 

Genotypes(ns) 

N=6 

Environment** 

N=18 

Genotypes(ns) 

N=12 

Control 0.66±0.02a 

LSD 0.04 

 0.62±0.02a 0.63±0.01a 0.63±0.02a 
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LSD 0.06  

    

 

Environment x 

Genotypes(ns) 

N=6 

Environment* 

N=18 

Genotypes(ns) 

N=12 

Squash OTC 0.51±0.01b 

Control 0.56±0.02a 

LSD 0.04 

 0.51±0.01a 0.55±0.02a 0.55±0.02a 

LSD 0.06 

 

Maize 

 Quantum yield of the Photosystem II (PhiPS2) 

 Genotypes  

 Altiplano Media Huasteca Environment x 

Genotypes(ns) 

N=12 

Environment*** 

N=36 

Genotypes** N=24 

OTC 0.08±0.006a 

Control 0.05±0.005b 

LSD 0.02 

 0.06±0.008b 0.06±0.005b 0.08±0.008a 

LSD 0.03 

Bean OTC 0.15±0.01b 0.05±0.001d 0.11±0.001b Environment x 

Genotypes** N=6 

Environment*** 

N=18 

Genotypes*** 

N=12 

Control 0.26±0.01a 0.07±0.001c 0.16±0.01b 

LSD 0.04 

Squash OTC 0.34±0.08ab 0.35±0.03ab 0.31±0.04ab Environment x 

Genotypes* N=6 

Environment(ns) 

N=18 

Genotypes(ns) 

N=12 

Control 0.52±0.03a 0.3±0.04ab 0.27±0.01b 

LSD 0.19 

  Non-photochemical quenching (qN) 

Maize  Genotypes  

 Altiplano Media Huasteca Environment x 

Genotypes(ns) 

N=12 

Environment*** 

N=36 

Genotypes* N=24 

OTC 0.84±0.01b 

Control 0.91±0.003a 

LSD 0.03 

 0.89±0.006a 0.89±0.01a 0.85±0.02a 

LSD 0.04 

Bean OTC 0.25±0.005c 0.23±0.008c 0.45±0.002a Environment x 

Genotypes*** N=6 Control 0.33±0.009b 0.46±0.012a 0.49±0.009a 
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LSD 0.04 Environment*** 

N=18 

Genotypes*** 

N=12 

Squash OTC 0.33±0.07bc 0.22±0.04cd 0.47±0.01ab Environment x 

Genotypes*** N=6 

Environment(ns) 

N=18 

Genotypes*** 

N=12 

Control 0.16±0.04d 0.58±0.02a 0.57±0.02a 

LSD 0.18 

 

 

Maize 

 Photochemical quenching (qP) 

 Genotypes  

 Altiplano Media Huasteca  

   

OTC 0.32±0.02a Environment x 

Genotypes(ns) 

N=12 

Environment(ns) 

N=36 

Genotypes* N=24 

Control 0.33±0.01a 

LSD 0.04 

 0.3±0.02b 0.3±0.01b 0.37±0.02a 

LSD 0.05 

Bean OTC 0.42±0.07ab 0.55±0.01a 0.32±0.02ab Environment x 

Genotypes** N=6 

Environment(ns) 

N=18 

Genotypes(ns) 

N=12 

Control 0.42±0.06ab 0.31±0.06b 0.54±0.01a 

LSD 0.18 

Squash OTC 0.5±0.09ab 0.68±0.03a 0.56±0.03a Environment x 

Genotypes** N=6 

Environment* 

N=18 

Genotypes* N=12 

Control 0.66±0.06a 0.42±0.1ab 0.24±0.01b 

 LSD 0.22 

 

 

Maize 

 Alternative non-photochemical quenching (NPQ) 

 Genotypes  

 Altiplano Media Huasteca Environment x 

Genotypes(ns) 

N=12 

Environment*** 

N=36 

Genotypes** N=24 

OTC 1.55±0.06b 

Control 1.84±0.04a 

LSD 0.06 

 1.8±0.04a 1.76±0.05a 1.53±0.08b 

LSD 0.08 

Bean OTC 0.51±0.02c 0.95±0.001b 1.36±0.01a 
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Control 1.03±0.001b 1.03±0.001b 0.89±0.07b Environment x 

Genotypes***  

N=6 

Environment(ns) 

N=18 

Genotypes*** 

N=12 

LSD 0.16 

Squash OTC 0.73±0.11a Environment x 

Genotypes(ns) 

N=6 

Environment(ns) 

N=18 

Genotypes*** 

N=12 

Control 0.89±0.1a 

LSD 0.16 

 0.42±0.09b 0.89±0.12a 1.13±0.02a 

LSD 0.23 

 OTC: Open top chamber; LSD: Least Significant Difference; ns: no significant; *t-test, p< 

0.05;**t-test, p < 0.01, and ***t-test, p < 0.001; The letters a, b, c, and d indicate significant 

differences according to the Tukey test (P < 0.05).  

 

Effect of induced passive heat on gas exchange parameters measured at 45 days after 

emergence of each crop of the milpa (maize+bean+squash) 

Significant effects of the genotypes and the environment on the gas exchange parameters 

using analysis of variance were observed. For the interactions Environment (E) x Genotypes 

(G) (E x G), stomatal conductance (Cond), intrinsic water use efficiency (iWUE), 

photosynthetic rate (Photo) and transpiration rates (Trmmol) were significant for beans and 

squash (except iWUE and Photo), but none of the parameters were significant for maize (See 

supplementary data Table 4). When the interaction was not significant, the simple effect of 

the environmental and genotypic factors was considered. 

Figure 6 shows the gas exchange parameters under the effect of the passive heat on the milpa 

system (maize+bean+squash) at 45 days after emergence from different climates. The passive 

heat affected significantly the CO2 assimilation, also known as the photosynthetic rate 

(Photo) of the maize, with a decrease of 8.25 µmol CO2 m
-2 s-1. For the factor genotype, the 

maize from a hot and humid climate (Huasteca) showed the maximum values of CO2 

assimilation with a mean of 39.15±2.61 µmol CO2 m
-2 s-1 and was statistically superior to the 

reported from Altiplano and Media (warm-dry and template climates, respectively).  

On the other hand, the E x G revealed different responses for bean and squash. For the two 

crops, the induced passive heat increased the photosynthetic rate with maximum values of 

52.2±1.18 and 63.89±1.56 µmol CO2 m
-2 s-1 for Huasteca (hot and humid climate) in OTC 
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conditions for bean and squash, respectively. In addition, the induced passive heat 

significantly reduced the photosynthetic rate of the bean from template climate (Media) 

where the values in control plots (42.96±0.93 µmol CO2 m
-2 s-1) were significantly superior 

to the mean in OTC conditions (29.9±3.89 µmol CO2 m-2 s-1) while no differences were 

recorded for the squash from warm-dry and template climates (Altiplano and Media, 

respectively) and for bean from warm-dry climate (Altiplano). 

The induced passive heat increased the stomatal conductance (Cond) of the maize genotypes. 

A significant difference of up to 42.31% in the stomatal conductance in comparison to control 

conditions. Also, in the maize from hot and humid climate (Huasteca) reported the maximum 

value of stomatal conductance with 0.25±0.02 mmol H2O m-2 s-1 which was statistically 

superior to the others maize.  

The E x G revealed different responses of the bean, where maximum values were reported 

for the plants from Huasteca (hot and humid climate) with 0.62±0.03 mmol H2O m-2 s-1 in 

OTC plots vs. 0.55±0.05 mmol H2O m-2 s-1 in control conditions which were statistically 

equals. In addition, the bean from the warm-dry climate (Altiplano) significantly increased 

the stomatal conductance under the effect of passive heat with 0.4±0.03 mmol H2O m-2 s-1 

and 0.22±0.014 mmol H2O m-2 s-1 in control conditions, while no difference was recorded 

for the bean from the template climate (Media).  

The induced passive heat increased the transpiration rates (Trmmol) of the maize and 

reported a significant difference in comparison to control environments. The value was 

4.11±0.44 mmol H2O m-2 s-1 in OTC and 3.27±0.33 mmol H2O m-2 s-1 in control 

environments. For the factor genotypes, again the maize from a hot and humid climate 

(Huasteca) registered the highest Trmmol which was statistically superior to the maize from 

Altiplano and Media (warm-dry and template climates, respectively), which reported 

3.20±0.17 and 3.56±0.16 mmol H2O m-2 s-1, respectively.  

The bean reported maximum values also for the plants from Huasteca (hot and humid 

climate), where the means were 10.30±0.37 mmol H2O m-2 s-1 in control and 9.28±0.5 mmol 

H2O m-2 s-1 in OTC but no statistical difference was recorded between them. For squash 

plants, no differences were recorded under the two factors (environment and genotypes). That 

means the induced passive heat did not affect them and either the genotypes.  

The maize's intrinsic water use efficiency (iWUE) was dramatically reduced by the induced 

passive heat. In comparison to the control environment, an iWUE reduction of up to 54.42% 

was reported. On the other hand, no difference was recorded in the maize climate. They 

responded as equals, no matter the characteristics of their climates for the gas exchange 

parameter iWUE.  

For the bean, different responses were reported where the induced passive heat decreased the 

iWUE of the bean from template and warm-dry climates (Media and Altiplano, respectively). 
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The first one registered the maximum value under control conditions and reduced up to 59.69 

µmol CO2 mol-1 H2O in OTC, while the bean from Altiplano (warm-dry climate) reduced up 

to 77.33 µmol CO2 mol-1 H2O in comparison to control conditions. Also, no difference was 

recorded for the bean from the hot and humid climate (Huasteca). That means, they were not 

influenced by the induced passive heat.  

The induced passive heat favoured the iWUE of the squash from a hot and humid climate 

(Huasteca), where a maximum value was reported in OTC conditions with 169.16±15.73 

µmol CO2 mol-1 H2O, which was statistically superior to that reported in the control 

environment. Finally, no statistical differences were found in the E x G for squash from 

Altiplano and Media (warm-dry and template climates, respectively). However, the values 

reported in the control environment were higher than those registered in OTC conditions. 

 

Fig 6. Effect of induced passive heating on gas exchange parameters of the milpa system 

(maize+bean+squash) at 45 days after emergence from different climate of the state of 

San Luis Potosí (Mexico). OTC: Open top Chamber; C: Control; HUAS: Huasteca (hot 

and humid climate); MED: Media (temperate climate); ALTI: Altiplano (warm-dry 

climate); Photo: photosynthetic rate; Cond: stomatal conductance; Trmmol: 

transpiration rates; iWUE: intrinsic water use efficiency; ns: no significant; *t-test, p< 

0.05;**t-test, p < 0.01, and ***t-test, p < 0.001. The letters a, b, c, and d indicate 

significant differences according to the Tukey test (P < 0.05). Vertical bars indicate the 

standard error. 
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Effect of induced passive heat on chlorophyll fluorescence parameters measured at 75 

days after emergence of each crop of the milpa (maize+bean+squash) 

Significant effects of the genotypes and the environment on some of the chlorophyll 

fluorescence parameters at 75 days after emergence using analysis of variance were observed. 

For the E x G interactions, all of the evaluated parameters were significant for bean, but only 

the maximum efficiency of the Photosystem II (Fv/Fm), quantum yield of the Photosystem 

II (PhiPS2) and photochemical quenching (qP) were significant for squash. Finally, none of 

the parameters were significant for maize (See supplementary data Table 5). When the 

interaction was not significant, the simple effect of the environmental and genotypic factors 

was considered. 

Table 6 shows the mentioned chlorophyll parameters for the milpa system 

(maize+bean+squash) at 75 days after emergence, which corresponds to the reproductive 

stage of the crops.  

The induced passive heat decreased the electron transport rate (ETR), maximum efficiency 

of the Photosystem II (Fv/Fm), quantum yield of the Photosystem II (PhiPS2), non-

photochemical quenching (qN) and alternative non-photochemical quenching (NPQ) of the 

maize. The results showed a significant difference of the ETR under OTC plots, with a mean 

of 47.8±0.06 μmol m−2 s−1 while in control conditions, the value was 61.42±0.04 μmol m−2 

s−1. The induced passive heat reduced the maize ETR by up to 22.17%. At the reproductive 

stage, the genotypes from Altiplano (warm-dry climate) recorded the maximum value of ETR 

with 61.6±2.87 μmol m−2 s−1 which was statistically higher than the reported for the maize 

from template and hot and humid climates (Media and Huasteca, respectively), where no 

differences were observed.  

The induced passive heat greatly improved the ETR of the bean from a hot and humid region 

(Huasteca), with the greatest value reported in OTC environments at 61.69±0.45 μmol m−2 

s−1, which was statistically greater than the control. No differences were recorded for the 

bean from warm-dry and template climates (Altiplano and Media, respectively) in 

comparison to the two environments. However, the bean from the warm-dry climate 

(Altiplano) reported the lowest values of ETR in OTC. The bean responded differently in 

dependence on their climate.  

The passive heat also reduced the ETR of the squash with a significant difference. A 

reduction of 38.76% of the squash ETR was reported by the effect of the heat conditions. For 

the factor genotypes, the squash from template (Media) reported the maximum mean with 

94.6±10.29 μmol m−2 s−1 which was statistically superior to the results registered in Huasteca 

and Altiplano. The last one reported the lowest ETR with 34.76±6.24 μmol m−2 s−1. That 

means the squash responded differently depending on the climate.  
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The maize reported the maximum mean of Fv/Fm under control conditions with 0.87±0.001 

which was statistically higher than that reported in OTC. The climate features of the maize, 

on the other hand, showed no variations because they both responded equally well to the 

passive heat.  

Different responses were reported in the E x G for the bean where the induced passive heat 

affected more the plants from the hot and humid climate (Huasteca). They decreased the 

Fv/Fm of the control environment (0.8±0.002) which is the maximum values in comparison 

to OTC. For the bean from Altiplano (warm-dry climate) and Media (template), no 

differences were recorded under the two conditions. However, higher values of Fv/Fm were 

reported under control conditions.  

The squash plants showed different responses in the E x G where the induced passive heat 

increased the Fv/Fm at the reproductive stage for the plants from hot and humid climate 

(Huasteca). They significantly increased the Fv/Fm with a maximum of 0.75±0.005 in OTC 

vs. 0.66±0.02. The squash from Huasteca was the only one benefitted by the effect of the 

induced passive heat, while the others from Altiplano and Media (warm-dry and template 

climates, respectively) responded equally, with no differences in the two environments.  

In compared to control environments, the maize lost up to 41.66% of its PhiPS2 when 

exposed to passive heat. The climate features of the maize for the variable PhiPS2, showed 

no variations because they both responded equally well to the passive heat.  

The bean responded differently by the effect of the induced passive heat for PhiPS2. The 

bean from Media (template) beneficed up to 78.94% of PhiPS2 in OTC in comparison to 

control environments. They were statistically higher than those reported in the control 

environment. Bean from Altiplano and Huasteca (warm-dry and hot and humid climates, 

respectively) showed no differences in PhiPS2. However, maximum values were reported in 

control environments.  

Also, the squash from the template and hot and humid climates (Media and Huasteca, 

respectively) significantly increased its PhiPS2. They reported 0.49±0.05 in OTC vs. 

0.26±0.04 in control (Media) and 0.37±0.02 in OTC vs. 0.16±0.008 in control (Huasteca). 

In addition, no difference was recorded for the squash from warm-dry climate (Altiplano). 

The non-photochemical quenching (qN) and alternative non-photochemical quenching 

(NPQ) of the maize were reduced by up to 7.86% and 15.53% respectively, by the induced 

passive heat. However no differences were recorded for the factor genotypes of the maize for 

the two non-photochemical parameters. 

 At the reproductive stage, the induced passive heat increased the qN of the bean from the 

hot and humid climate (Huasteca). They registered the maximum in OTC conditions with 

0.86±0.006 which was statistically higher than the reported in control with 0.63±0.04. On the 

other hand, no differences were recorded for bean from Altiplano and Media (warm-dry and 



195 

 

template climates, respectively), but the values reported in control were higher than those 

recorded in OTC plots. In addition, for the alternative non-photochemical quenching (NPQ), 

the bean responded differently and were affected by the induced passive heat. The bean from 

the template climate (Media) significantly reduced their NPQ to 0.264 in comparison to 

control environments. No differences were reported for the bean from Altiplano and 

Huasteca (warm-dry and hot and humid climates, respectively).  

The squash's qN dropped with passive heat, with a difference of 0.16 compared to control, 

whereas there were no variations between the two conditions for NPQ. For the factor 

genotypes, the squash from Media (template) and Huasteca (hot and humid) recorded the 

maximum values of qN and NPQ with 0.62±0.06 and 0.77±0.02 respectively, 1.09±0.13 and 

1.53±0.11 respectively. The lowest values were reported for squash from Altiplano (warm-

dry) for the two non-photochemical parameters. 

At 75 days after emergence, the photochemical quenching (qP) parameter was the only one 

where the E x G was significant for maize. In this approach, the induced passive heat 

significantly decreased the qP of the maize. The maximum means were reported under 

control environment for the three genotypes with 0.44±0.008; 0.44±0.008 and 0.45±0.008 

for Altiplano (warm-dry), Media (template) and Huasteca (hot and humid), respectively 

while in OTC; they were 0.32±0.002, 0.25±0.008 and 0.34±0.001. That means the induced 

passive heat affected the qP parameters and the maize responded differently to the 

characteristics of their climates (Table 6). 

 

Table 6. Chlorophyll fluorescence parameters measured in different system of milpa 

(maize+bean+squash) from different environment under induced passive heat and controlled 

ambient at 75 days after emergence of each crop. 
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 Electron transport rate (ETR) (μmol m−2 s−1) 

Genotypes  

Crops Environ

ment 

Altiplano Media Huasteca Significance 

Maize OTC 47.8±0.06b Environment x 

Genotypes(ns) N=12 

Environment***   N=36 

Genotypes***    N=24 

CONTRO

L 

61.42±0.04a 

LSD 4.65 

 61.6±2.87a 49.05±2.22b 53.19±1.99b 

LSD 6.84 

Bean OTC 21.32±2.52d 36.87±2.76c 61.69±0.45s Environment x Genotypes*   

N=6 

Environment*         N=18 

Genotypes***            N=12 

CONTRO

L 

18.25±1.51d 37.78±1.58c 51.43±0.89b 

LSD 8.54 

Squash OTC 50.33±6.39b 50.33±6.39b 50.33±6.39b Environment x Genotypes 

(ns) N=6 

Environment**        N=18 

Genotypes***           N=12 

CONTRO

L 

82.19±9.02a 82.19±9.02a 82.19±9.02a 

LSD 13.5 

 Maximum efficiency of the Photosystem II (Fv/Fm) 

Maize  Genotypes  

 Altiplano Media Huasteca Environment x Genotypes 

(ns)    

Environment***  N=36 

Genotypes (ns)        N=24 

OTC 0.75±0.007b 

CONTRO

L 

0.87±0.001a 

LSD 0.014 

 0.81±0.01a 0.81±0.01a 0.81±0.01a 

LSD 0.02 

Bean OTC 0.76±0.003bc 0.77±0.004abc 0.74±0.002c Environment x 

Genotypes*   N=6 

Environment**   N=18 

Genotypes(ns)          N=12 

CONTRO

L 

0.77±0.016abc 0.78±0.003ab 0.8±0.002a 

LSD  0.03  

Squash OTC 0.76±0.006a 0.75±0.001a 0.75±0.005a Environment x 

Genotypes**   N=6 

Environment**   N=18 

Genotypes**         N=12 

CONTRO

L 

0.76±0.007a 0.74±0.002a 0.66±0.02b 

LSD 0.05 

 

Maize 

 Quantum yield of the photosystem II (PhiPS2) 

 Genotypes  

 Altiplano Media Huasteca Environment x Genotypes 

(ns) N=12  

Environment*  N=36 

Genotypes (ns)      N=24 

OTC 0.75±0.007b 

CONTRO

L 

0.87±0.01a 

LSD 0.014 

 0.81±0.01a 0.81±0.01a 0.82±0.02a 

LSD 0.03 

Bean OTC 0.41±0.09ab 0.38±0.05ab 0.19±0.009bc Environment x 

Genotypes***   N=6 

Environment*   N=18 

Genotypes**      N=12 

CONTRO

L 

0.5±0.051a 0.08±0.007c 0.35±0.07ab 

LSD 0.21 

Squash OTC 0.58±0.07ab 0.49±0.05ab 0.37±0.02bc Environment x 

Genotypes**   N=6 

Environment**  N=18 

Genotypes***    N=12 

CONTRO

L 

0.63±0.02a 0.26±0.04cd 0.16±0.008d 

LSD 0.15 

  Non-photochemical quenching (qN) 

Maize  Genotypes  

 Altiplano Media Huasteca Environment x 

Genotypes(ns) N=12    

Environment***   N=36 

Genotypes(ns)     N=24 

OTC 0.82±0.01b 

CONTRO

L 

0.89±0.007a 

LSD 0.03 

 0.83±0.01a 0.87±0.008a 0.86±0.02a 
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LSD 0.04 

Bean OTC 0.52±0.08c 0.61±0.07bc 0.86±0.006a Environment x 

Genotypes**   N=6 

Environment(ns) N=18 

Genotypes(ns)   N=12 

CONTRO

L 

0.71±0.02abc 0.8±0.01ab 0.63±0.04bc 

LSD 0.23 

Squash OTC  0.49±0.06b  Environment x 

Genotypes(ns)   N=6 

Environment*  N=18 

Genotypes*** N=12 

CONTRO

L 

 0.65±0.05a  

LSD 0.11 

 0.33±0.07b 0.62±0.06a 0.77±0.02a 

LSD 0.16 

 

 

Maize 

 Photochemical quenching (qP) 

 Genotypes  

 Altiplano Media Huasteca  

OTC 0.32±0.002b 0.25±0.008c 0.34±0.001b Environment x 

Genotypes***N=12   

Environment*** N=36 

Genotypes***      N=24 

CONTRO

L 

0.44±0.008a 0.44±0.008a 0.45±0.008a 

LSD 0.04 

Bean OTC 0.59±0.09b 0.69±0.05ab 0.53±0.01b Environment x 

Genotypes***   N=6 

Environment* N=18 

Genotypes*** N=12 

CONTRO

L 

0.71±0.04ab 0.17±0.007c 0.74±0.04a 

LSD 0.14 

Squash OTC 0.83±0.07ab 0.83±0.03ab 0.71±0.04bc Environment x 

Genotypes**   N=6 

Environment** N=18 

Genotypes*** N=12 

CONTRO

L 

0.93±0.003a 0.58±0.06cd 0.4±0.03d 

 LSD 0.21 

 

 

Maize 

 Alternative non-photochemical quenching (NPQ) 

 Genotypes  

 Altiplano Media Huasteca Environment x Genotypes 

(ns) N=12   

Environment*   N=36 

Genotypes (ns)       N=24 
OTC 1.36±0.05b 

CONTRO

L 

1.61±0.06a 

LSD 0.07 

 1.37±0.007a 1.58±0.06a 1.51±0.08a 

LSD 0.1 

Bean OTC 0.89±0.1c 1.006±0.09c 1.44±0.009c Environment x 

Genotypes***   N=6 

Environment(ns) N=18 

Genotypes(ns) N=12 
CONTRO

L 

1.09±0.04abc 1.27±0.02ab 0.9±0.11c 

LSD 0.36 
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OTC: Open top chamber; LSD: Least Significant Difference; ns: no significant; *t-test, p< 

0.05;**t-test, p < 0.01, and ***t-test, p < 0.001; The letters a, b, c, and d indicate significant 

differences according to the Tukey test (P < 0.05).  

Effect of induced passive heat on gas exchange parameters measured at 75 days after 

emergence of each crop of the milpa (maize+bean+squash) 

Significant effects of the genotypes and the environment on the gas exchange parameters at 

75 days after the emergence of the crops using analysis of variance were observed. For maize, 

only the E x G of the transpiration rates (Trmmol) was significant (See supplementary data 

Table 6). When the interaction was not significant, the simple effect of the environmental 

and genotypic factors was considered. 

Figure 7 shows the four gas exchange parameters used to evaluate the effect of the induced 

passive heat on the milpa system (maize+bean+squash) from different climates at 75 days 

after emergence. The passive induced heat did not affect the photosynthetic rate (photo) of 

the maize at the reproductive stage because no difference was recorded between the two 

environments. However, the maize from Huasteca (hot and humid) and Media (template) 

reported the maximum photosynthetic rate with 61.29±2.33 µmol CO2 m
-2 s-1 and 57.69±2.39 

µmol CO2 m
-2 s-1 respectively, which was statistically different to the reported from Altiplano 

(warm-dry). The last ones registered the lowest photosynthetic rate with 40.44±3.23 µmol 

CO2 m
-2 s-1.  

The bean and squash were affected by the induced passive and significantly reduced their 

CO2 assimilation rate. The genotypes responded differently under the effect of passive heat, 

where the squash and bean from hot and humid climate (Huasteca) reported the maximum 

values with 19.89±1.76 µmol CO2 m
-2 s-1 and 12.75±1.86 µmol CO2 m

-2 s-1 respectively, 

while those from Altiplano (warm-dry) recorded the lowest with 6.14±1.24 µmol CO2 m
-2 s-

1 for squash and 4.58±0.56 for bean. That means the beans and squash from warm-dry climate 

were the most affected in the stage of reproduction for CO2 assimilation.  

For maize and bean, there was no variation in stomatal conductance (Cond) between 

genotypes and environments. That suggests the maize and bean reacted in the same way to 

Squash OTC 0.92±0.15a Environment x Genotypes 

(ns)  N=6 

Environment(ns) N=18 

Genotypes*** N=12 
CONTRO

L 

1.16±0.13a 

LSD 0.19 

 0.5±0.14b 1.09±0.13a 1.53±0.11a 

LSD 0.26 
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the passive heat. In contrast, the squash benefited their stomatal conductance under the effect 

of the passive heat.  

An increase of 0.21 mmol H2O m-2 s-1 in OTC was recorded for the squash. The E x G was 

significant for transpiration rates (Trmmol) of the maize; however no differences statistics 

were observed. In addition, the maize from warm-dry climate (Altiplano) was the most 

affected and reported the lowest value in OTC with 3.11±0.69 mmol H2O m-2 s-1 and 

4.46±0.31 mmol H2O m-2 s-1 in control conditions.  

The bean from hot and humid climate (Huasteca) showed the minimum value of transpiration 

rates (Trmmol) with 3.68±0.28 mmol H2O m-2 s-1 while those from template climate (Media) 

reported the highest values with 4.71±0.35 mmol H2O m-2 s-1.On the other side, the induced 

passive heat significantly impacted the Trmmol of the beans. A reduction of 1 mmol H2O m-

2 s-1 was reported comparing the two conditions. In contrast, the induced passive heat 

significantly increased the Trmmol of the squash. They reported an increase of 1.49 mmol 

H2O m-2 s-1. 

In both environments, the maize intrinsic water use efficiency (iWUE) was affected by the 

induced passive heat with a significant difference. They decreased by up to 26.48% the iWUE 

in comparison to the control plots. Also, the crops bean and squash showed a reduction in 

their iWUE with significant differences. They reported a reduction of up to 43.56% and 

57.43% for bean and squash, respectively. Furthermore, the genotypes of bean and squash 

were affected by the passive heat effect and behaved differently. The highest iWUE was 

reported for the squash from hot and humid climate (Huasteca) with 44.89±5.15 µmol CO2 

mol-1 H2O which was statistically superior to those reported from Media and Altiplano 

(Template and warm-dry climates, respectively). The last reported the lowest iWUE with 

11.52±2.34 µmol CO2 mol-1 H2O. Also, the beans from hot and humid climate (Huasteca) 

reported the maximum value of iWUE with 47.56±7.16 µmol CO2 mol-1 H2O while no 

differences were reported for those from template and warm-dry climates (Media and 

Altiplano, respectively).  
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Fig 7. Effect of induced passive heating on gas exchange parameters of the milpa system 

(maize+bean+squash) at 75 days after emergence from different climate of the state of 

San Luis Potosí (Mexico). OTC: Open top Chamber; C: Control; HUAS: Huasteca (hot 

and humid climate); MED: Media (temperate climate); ALTI: Altiplano (warm-dry 

climate); Photo: photosynthetic rate; Cond: stomatal conductance; Trmmol: 

transpiration rates; iWUE: intrinsic water use efficiency; ns: no significant; *t-test, p< 

0.05;**t-test, p < 0.01, and ***t-test, p < 0.001. The letters a, b, c, and d indicate 

significant differences according to the Tukey test (P < 0.05). Vertical bars indicate the 

standard error. 
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Correlation among abiotic variables and various growth, and development parameters 

of the milpa system (maize+bean+squash) 

As physiological parameters are very interdependent for the milpa system, the correlations 

between them and the abiotic variables are necessary in determining the overall performance 

of the crops. An increase in temperature and accumulated heat units leads to an increased 

plant height of maize and bean plants but a decreased one on squash plants. Also, the increase 

in the abiotic variables leads to an increase in the rate of growth of maize but a decrease in 

this value for bean and squash. A significant but negative correlation was reported for the 

number of leaves of the squash, where the increase in the values of the abiotic variables 

considerably decreased the number of leaves (Figure 8A). In addition, an increase in 

temperature was negatively correlated with the yield of the milpa (maize+bean+squash). This 

negative correlation was significant for the squash, confirming that plants of this crop were 

the most affected by the induced passive heat ( See supplementary data Photo 1) and mean 
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that, the induced passive heat will decrease considerably the grain yield of the milpa system 

(maize+bean+squash) (Figure 8). 
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Fig 8. Plots of the statistic correlation of Pearson linear (r) among the abiotic variables 

and growth, and development parameters and yield of the milpa system 

(maize+bean+squash). AHU: accumulated heat units; Tmean: mean daily temperature; 

Tmax: Maximum daily temperature; Tmin: minimum daily temperature; P1: at 15 cm 

and P2: at 150 cm above the soil; PH: plant height; LNP: leaves number per plant; RG: 

rate of growth; ST: stem thickness. The boxed plots are significant at P< 0.05. 
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Correlation among abiotic variables and various photosynthetic parameters of the 

milpa system (maize+bean+squash) 

Significant and negative correlations were reported for the maximum efficiency of the 

Photosystem II (Fv/Fm) for beans, intrinsic water use efficiency (iWUE) and non-

photochemical quenching (qN) for maize, with the data of photosynthesis recorded 45 days 

after emergence in each crop, while a positive and significant correlation was only obtained 

for the stomatal conductance of the maize. The possible reason may be the increase in 

stomatal opening that is very directly associated with the photosynthetic rate. An increase of 

the abiotic variables, leads in a reduction of the photosynthetic capacity of the milpa system 

(maize+bean+squash) (Figure 9A). 

At the reproductive stage of the crops, more chlorophyll fluorescence parameters had 

negative significant correlation with the abiotic variables and only for maize. Those 

parameters were efficiency of the photosystem II (Fv/Fm), photochemical quenching (qP) 

and non-photochemical quenching (qN). The possible reason may be related to the 

physiology of the maize, which is the one growing vertically and directly in contact with the 

light sun. In contrast, positive and significant correlations were showed in squash plants with 

some gas exchange parameters (stomatal conductance and transpiration rates). That means 

the increase in the abiotic variables promoted the gas exchange of the squash. The possible 

reason may also be related to the management of the system milpa where the maize plants 

protect the beans and squash plants against direct contact with the sun's light, because even 
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though the correlations of the bean gas exchange parameters were not significant, they were 

positive (Figure 9B). 

 

 

Fig 9. Plots of the statistic correlation of Pearson linear (r) among the abiotic variables 

and various photosynthetic parameters of the milpa system (maize+bean+squash). 

AHU: accumulated heat units; Tmean: mean daily temperature; Tmax: Maximum 

daily temperature; Tmin: minimum daily temperature; P1: at 15 cm and P2: at 150 cm 
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above the soil; ETR: Electron transport rate; Fv/Fm: Maximum PSII efficiency; 

PhiPS2: quantum yield of PSII; qN: Non-photochemical quenching; NPQ: Alternative 

non-photochemical quenching; qP: Photochemical quenching; Photo: photosynthetic 

rate; Cond: stomatal conductance; Trmmol: transpiration rates; iWUE: intrinsic water 

use efficiency; 1 and 2: measured at 45 and 75 days after emergence, respectively. The 

boxed plots are significant at P< 0.05. 

 

Discussion 

In this study we investigate the influence of increased air temperature (abiotic variable) under 

climate change scenarios on milpa systems (maize+bean+squash) from distinct climate 

(warm-dry, template and hot and humid) in the state of San Luis Potosí (Mexico). For the 

experiment, OTC was used to simulate the induced passive heat and allow evaluation of the 

milpa systems and their responses under a prognostic increase in temperature. In this 

approach, the employment of OTC appears to have resulted in accurate temperature 

projections (Cossani and Sadras, 2021). Our warming methods resulted in a maximum 

increase of 1.8°C in the mean daily air temperature for OTC at 15 cm above the soil while 

an increase of 3.65°C were reported at 150 cm above the soil. This was within the expected 

1–3°C increase in global warming by the late twenty-first century (Chen, 2021; Kogo et al., 

2021; Levine and Steele, 2021). Moreover, because there was more Growing Day Degrees 

found in OTC than in control (Figure 2A and B), most of the growth and development 

parameters were benefited for the crops of milpa system (Dan et al., 2020). In addition, the 

milpa system from a hot and humid climate (Huasteca) responded with more plant height, 

rate of growth, width leaf, height to ear insertion, number of leaves per plant, leaf area, leaf 

length and number of flowers per plant. The possible reason may be related to the adaptation 

characteristics of the genotypes to their climate, where more mean temperature and 

precipitation are reported (Figure 1). Then, this study therefore indicates that genotypes from 

different regions responded differently to the temperature effect (Diédhiou et al., 2021). In 

our case, the three different milpa systems responded differently to the effect of induced 

passive heat and increased most of the growth and development parameters of the crops that 

conformed to their milpa systems. Furthermore, the induced passive heat accelerated the time 

to flowering for the maize. It is important to remember that those variables were only 

measured for maize crops. Our results are consistent with those of Dong et al. (2021); Lizaso 

et al. (2018) and Wang et al. (2019), who stated that high temperatures can accelerate floret 

differentiation, reduce pollen shedding duration and delay silking. 

The maize from a hot and humid climate (Huasteca) took more time to complete their 

reproductive stage. In this case, those from warm-dry (Altiplano) and template (Media) 

climates completed their reproductive stages faster than those from hot and humid climate. 

The results can be associated with the reason that the materials of dry and template (Altiplano 

and Media) environments with strong variation in the date of sowing have greater phenotypic 
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plasticity than those of relatively more stable environments such as Huasteca (hot and 

humid).Furthermore, the current study clearly demonstrated that the induced passive heat 

during the intercropping milpa system resulted in yield loss. As a result, the squash was the 

most severely affected (see supplementary data Photo 1), with a loss of up to 91.94% of its 

yield recorded. The reason was that they used to abort under the OTC plots and that reduced 

their yield considerably. Most of the cucurbits are perishable and very sensitive to 

unpredictable climatic changes. An environmental stress like increasing (high) temperature 

is thought to be one of the major limiting factors in enhancing cucurbitaceous vegetables 

productivity (Kumar and Reddy, 2021). Additionally, the maize reported a reduction of up 

to 43.31% of the yield parameter. As mentioned in our OTC conditions, heat stress is a 

multifaceted challenge of strength (temperature degrees), duration, and rate of temperature 

augmentation and affected the milpa system. The reduction of the yield parameters is well 

correlated with the increase of the abiotic variables (Fig. 9B). Our results are in concordance 

with Murray-Tortarolo et al. (2018); Ureta et al. (2016); Ureta et al. (2012) Ureta et al. (2020) 

who stated that under climate change, temperature is expected to increase, and maize 

production could be heavily and negatively impacted by climate change (Liu et al., 2020b). 

The negative impact of the related effects of climate change on maize in Mexico has been 

largely studied (Aguirre-Liguori et al., 2019; Dendooven et al., 2012; Díaz-Álvarez et al., 

2020; Diédhiou et al., 2021; Donatti et al., 2019; Eakin, 2000; Mercer et al., 2012; Ramirez-

Cabral et al., 2017; Smale et al., 2001). Abiotic stresses have been also related to the effects 

of climate change in Mexico and will affect negatively maize germination (Castro-Nava et 

al., 2012; Reddy and Kakani, 2007), seedlings (Lizárraga-Paulín et al., 2011), growth and 

reproduction (Alam et al., 2017; Castro-Nava et al., 2012) and yield (Green et al., 2020; 

Ramirez-Cabral et al., 2017). The bean was the least affected crop by the induced passive 

heat because only those from hot and humid climate (Huasteca) reduced their yield. This 

result can be associated with the fact that the experiment was carried out in an area with a 

vapor pressure deficit greater than that which it normally faces in its region of origin. In the 

same way, for the ones from Media (template) and Altiplano (warm-dry), no differences were 

registered between control and OTC for the yield parameter. 

With the objective of detecting how the yields of the three crops were affected by the induced 

passive heat, we made a correlation between the abiotic variables and the values of the 

obtained yields for each crop. We discovered that increasing values of the abiotic variables 

significantly reduced the squash, as well as the maize and bean yields. We found that the 

squash is the most affected by the warming effect (See supplementary Photo 1). During the 

experiment, the squash plants used to abort their flowers due to the consequences of the 

warming effect. That explains the loss of the yield for the squash plants and it is reported that 

high temperature is thought to be one of the major limiting factors in enhancing 

cucurbitaceous vegetables productivity (Kumar and Reddy, 2021). 



208 

 

Chlorophyll fluorescence analysis has become one of the most potent and extensively used 

tools in plant physiology research. The chlorophyll fluorescence parameters were represented 

by the measurement of the photosystem II, which is found in the thylakoid membranes and 

is intimately linked to instant plant damage caused by stress conditions (Maxwell and 

Johnson, 2000; Xu et al., 2020). In our study, the induced passive heat affected differently 

the chlorophyll fluorescence of the milpa system at the early and late stage of the crops. The 

induced passive heat increased the ETR, Fv/Fm and decreased the PhiPS2, qN, NPQ and qP 

of the maize plants. Furthermore, the response was different for bean and squash. The ETR 

increased by the effect of the induced passive heat in beans and squash, while Fv/Fm, PhiPS2 

and qN reduced their values under the effect of the passive heat for the two crops. On the 

other hand, the qP was increased by the passive heat effect. Taking into account that under 

stress conditions Fv/Fm, PhiPS2, and qP are the most important parameters (Gallé and 

Flexas, 2010), our results are in accordance with that because the passive heat decreased 

those parameters for maize, bean, and squash (except qP). Our results agree with Xia et al. 

(2021) findings, that the qP of the two maize varieties decreased significantly under warming 

treatment. Schenone et al. (1994) indicated some differences in the measured of the 

physiological parameters of bean (Phaseolus vulgaris L.) due to the chambers effects which 

certainly caused by the physical structure of the OTC. In our investigation the photochemical 

quenching was affected by the passive induced heat. According to Silva et al. (2012a) OTC 

can reduce up to 25% the photosynthetically active radiation and increase the air temperature. 

These results are consistent with ours, as there was a reduction of photochemical quenching 

and an increase in air temperature with respect to the control environment. Yüzbaşıoğlu et 

al. (2017) reported similar results to ours for maize grown in high temperatures, keeping in 

mind that 20/25°C is close to our mean diurnal temperature during the experiment. Also, our 

results were similar to other researchers such as Li et al. (2020b) who found that an increase 

in temperature reduces photosynthesis in maize leaves. In the same way, Guidi et al. (2019) 

reported that photoinhibition occurs when light energy exceeds the amount of energy used 

for photosynthesis, characterized by a decline in the PhiPS2. In addition, Sales et al. (2013) 

and Trujillo et al. (2013) reported that the photosynthetic apparatus depends on the severity 

and duration of the stress. 

In the current study, the gas exchange effect under passive heat stress has been reported to 

have different responses in the crops at 45 and 75 days after emergence. The photosynthetic 

rate, or CO2 assimilation, and intrinsic water use efficiency were affected by the passive heat 

for all the crops in the system, while the stomatal conductance and transpiration rate were 

not affected at the early stage. Furthermore, the induced passive heat did not affect the maize 

photosynthetic rate at the reproductive stage; while the three other gas exchange parameters 

were affected. These results coincide with the analysis by Bradford et al. (2017) in which 

they conclude that increased temperature, while maintaining soil moisture, increases rainfed 

agriculture suitability in semiarid temperate regions (equivalent to Altiplano region). In our 

investigation, we show that a change in the development of photosynthesis apparatus exists 
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in the milpa system for successful adaptation as measured by reduced CO2 assimilation and 

higher water use efficiency appears to be involved in crop adaptation success (Ramazan et 

al., 2021). In addition, CO2 exchange parameters act as chief indicators of plant growth due 

to their direct link to net productivity (Piao et al., 2008). The maize plants from a hot and 

humid climate (Huasteca) reported the highest values of the gas exchange parameters. That 

means they responded differently to the other genotypes. The genotypes from the warm-dry 

climate (Altiplano) were the most affected, even for the two other crops. Studies showed that 

early closure of stomata and decreasing transpiration were found to be thermal sensitive in 

maize plants grown at high temperatures (Correia et al., 2021; Yang et al., 2012), as we 

reported in our study. In various crop species, such as soybean, tobacco, and grape, global 

warming has been found to increase stomatal frequency while decreasing stomatal size, 

though no effect has been recorded in maize (Caine et al., 2019; Jumrani et al., 2017; Moore 

et al., 2021; Rodrigues et al., 2016; Zheng et al., 2013). 

In our investigation, correlations were made between values of abiotic variables and 

photosynthetic variables at early and reproductive stages. Our results showed that the 

increase on the values of the abiotic variables leads to reduced specific variables such as 

Fv/Fm and qN for bean and maize at an early stage, while at the late stage, they were Fv/Fm, 

qP, and qN for maize. On the other hand, the increase on the values of the abiotic variables 

leads to improved stomatal conductance and transpiration rate of the squash (Figure 9 A and 

B). That means, in our case, the mentioned parameters were the most affected by the passive 

heat of the evaluated crops in our milpa system.  

This study analyzed the effect of induced passive heat, which aims to simulate a scenario of 

global warming due to climate change, in milpa system from different climates of the state 

of San Luis Potosí (México). In the milpa system, maize is the most important crop and in 

Mexico, maize have an abundant genetic variability in all the country. In this approach, maize 

was originally categorized in different races and genotypes that have been related to 

particular environmental conditions (Wellhausen et al., 1952). Furthermore, Mexican maize 

was classified by Ruiz Corral et al. (2008) based on rainfall, photoperiod, and, most 

importantly, temperature of local adaptations or origins. These findings have crucial 

implications for thinking about the effects of climate change adaptation on maize in the 

country in general, and the state of San Luis Potosí in particular, because they highlight a 

way to contrast the negative effects of climate change while taking local conditions into 

account (Diédhiou et al., 2021). In our previous experiences (germination and emergence) 

(Diédhiou et al., 2021), the maize genotypes from hot and humid climates were the most 

affected. However, in the complete experience from emergence to yield, the maize from 

Huasteca (hot and humid climate) reported the highest values in growth and development 

parameters, photosynthetic and yield. The reason could be related to their origin 

environments' specific local adaptation. This is the first report to look into the effects of 

warming on the milpa system, taking into account the variability of the climates in San Luis 
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Potosí. Smallholders, in particular, are among those most affected by climate change. Our 

report is also a pioneer experiment in the state. From here, more investigation could be 

undertaken in each region using OTC as a model to simulate the increase in temperature. One 

of the limitations of the research was that the crops used by the Media are not the most 

representative climate of the region, whereas the most representative one is a semi-dry 

climate. 

In conclusion, it was found that the use of the OTC structures increases the abiotic variables 

(minimum, maximum, mean daily temperature, and accumulated heat units). The growth and 

development parameters of the crops milpa system increased under the warming effect. 

Furthermore, the milpa from a hot and humid climate (Huasteca) was the least affected by 

the induced passive heat. In contrast, the warming considerably delayed the yield parameters 

of the crops. The squash was the most affected, while the bean most benefited from the yield 

parameters. The warming affected the chlorophyll and gas exchange differently for each 

crop. However, at an early stage (45 days after emergence), Fv/Fm and qN for beans and 

maize were reduced, while at the reproductive stage (75 days after emergence), they were 

Fv/Fm, qP, and qN for maize; stomatal conductance and transpiration rate of the squash were 

improved under the effect of warming. 
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Supplementary data 

Supplementary data Table 1. Results of the analysis of variance (ANOVA) of the physiological variables of the milpa system 

(maize+bean+squash) 

Factor of 

variation for 

every crop 

PH LNP LL WL RG LA 

Maize CM Fvalue CM Fvalue CM Fvalue CM Fvalue CM Fvalue CM Fvalue 

E 7.88 115.1*** 27.07 12.8** 72.6 0.99ns 134.9 151.3*** 0.005 47.7*** 527764.5 61.31*** 

G 2.84 41.4*** 108.16 51.3*** 2046.5 27.8*** 9.7 10.89*** 0.005 42.4*** 231974.9 26.95*** 

E x G 0.31 4.55** 5.5 2.6ns 44.9 0.61ns 8.28 9.29** 0.0005 4.55** 21520.4 2.5ns 

CV(%) 11.3 11.9 8.9 9.34 9.8 12.7 

 DFF DMF HEI ST   

 CM Fvalue CM Fvalue CM Fvalue CM Fvalue   

E 60.7 3.1ns 114.08 11.9** 1.17 106.5*** 1.19 0.1ns   

G 184.3 9.41** 102.6 10.7** 0.05 5.03** 104.07 8.45**   

E x G 4 0.2ns 28.08 2.93ns 0.02 1.67ns 64.87 5.27**   

CV(%) 7.4 5.1 9.7 10.75   

 NFP NLP PH RG ST  

Bean CM Fvalue CM Fvalue CM Fvalue CM Fvalue CM Fvalue   

E 1215 116.83*** 2856.6 39.03*** 24.77 1.13ns 0.04 11.54** 0.05 0.03ns   

G 38.06 3.66* 2027.92 27.71*** 77.13 3.52* 0.01 3.89* 102.29 67.76***   

E x G 8.6 0.83ns 453.65 6.2** 1.23 0.06ns 0.0083 2.32ns 6.43 4.26**   

CV(%) 19 25.19 12.53 16.31 16.31  

 NFP NLP PH RG ST  
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Squash CM Fvalue CM Fvalue CM Fvalue CM Fvalue CM Fvalue   

E 1.94 40.07*** 5675.11 142.39*** 696.96 19.97** 0.09 36.8*** 266.88 14.81**   

G 0.16 3.25ns 425.36 10.67** 204.95 5.87** 0.05 20.94*** 21.67 1.2ns   

E x G 0.03 0.67ns 200.19 5.02** 187.12 5.36** 0.05 20.94*** 79.86 4.43*   

CV(%) 25.52 13.17 5.77 7.68 18.74  

PH: plant height; LNP: leaf number per plant; LL: leaf length; WL: width leaf; RG: rate of growth; LA: leaf area; DFF: days to female 

flowering; DMF: days to male flowering; HEI: height to ear insertion; ST: stem thickness;  NFP: number of flowers per plant; NLP: 

number of leaves per plant; PH: plant height; NFP: number of flowers per plant; NLP: number of leaves per plant; CV: coefficient of 

variation; ns: no significant; *t-test, p< 0.05;**t-test, p < 0.01, and ***t-test, p < 0.001.  
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Supplementary data Table 2. Results of the analysis of variance (ANOVA) of the yield variables of the milpa system 

(maize+bean+squash) 

 NCP CL CD CW NRPC NGPR 

Maize CM Fvalue CM Fvalue CM Fvalue CM Fvalue CM Fvalue CM Fvalue 

E 3.84 103.6*** 468.07 145.17*** 305.6 26.27*** 0.47 35.72*** 4.4 2.75ns 1442.13 38.64*** 

G 0.16 4.37** 1.98 0.62ns 156.3 13.44*** 0.3 22.95*** 19.82 12.38*** 217.2 5.82** 

E x G 0.07 2.02ns 3.43 1.07ns 477.5 41.05*** 0.09 6.91** 7.75 4.84** 35.27 0.95ns 

CV(%) 14.93 10.99 6.48 5 11.9  

 100GW YIELD     

 CM Fvalue CM Fvalue       

E 137.58 15.43** 0.2 

 

30.05**       

G 138.21 15.5** 0.08 12.14**       

E x G 25.5 2.87ns 0.02 2.61ns       

CV(%) 6.5 14.19     

 YIELD 

Bean CM Fvalue 

 E 0.07 26.73** 

 G 0.47 168.37** 

E x G 0.03 11.43** 

CV(%) 8.33 

 YIELD 

Squash CM Fvalue 

E 1.93 114.89*** 

   

G 0.2 11.95*** 
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E x G 0.03 2.37ns 

 CV(%) 8.16 

NCP: number of cob per plant; CL: cob length; cd: cob diameter; CW: cob weight; NRPC: number of rows per cob; NGPR: number of 

grains per row;  100GW: 100 grains weight for maize; CV: coefficient of variation; ns: no significant; *t-test, p< 0.05;**t-test, p < 0.01, 

and ***t-test, p < 0.001.  
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Supplementary data Table 3. Results of the analysis of variance (ANOVA) of the chlorophyll fluorescence parameters of the 

milpa system (maize+bean+squash) at 45 days after emergence. 

 ETR Fv/Fm NPQ PhiPS2 qN qP 

Maize CM Fvalue CM Fvalue CM Fvalue CM Fvalue CM Fvalue CM Fvalue 

Environment 

(E) 

0.02 1.2ns 0.01 9.4** 0.23 15.63*** 0.05 25.5***     0.09 29.9*** 0.002 0.3ns 

Genotypes(G) 0.11 6.97** 0.005 3.05ns 0.09 5.96** 0.01 5.63** 0.01 3.52* 0.02 4.41* 

E x G 0.04 2.71ns 0.0002 0.13ns 0.03 2.01ns 0.004 2.07ns 0.008 2.9ns 0.001 0.29ns 

CV 7.32 5.5 9.57 17.09 6.32 13.64 

Bean             

Environment 

(E) 

142.02 9.6* 0.05 13.03** 0.01 1.86ns 0.04 110.05*** 0.12 243.7*** 0.0004 0.04ns 

Genotypes(G) 3351.6 227.2*** 0.0003 0.09ns 0.37 47.4*** 0.13 303.4*** 0.09 197.03*** 0.0007 0.07ns 

E x G 90.6 6.15** 0.007 2ns 0.72 91.6*** 0.004 10.6** 0.03 63.8*** 0.09 9.12** 

CV 13.7 9.88 9.27 5.98 6.01 16.04 

Squash             

Environment 

(E) 

0.26 13.7** 0.02 4.69* 0.12 2.17ns 0.007 0.62ns 0.03 3.11ns 0.11 7.22* 

Genotypes(G) 0.3 15.9*** 0.004 1.06ns 0.76 13.6*** 0.02 2.42ns 0.18 17.2*** 0.05 3.48* 

E x G 0.57 30.5*** 0.01 2.35ns 0.15 2.76ns 0.04 3.84* 0.17 16.1*** 0.12 7.77** 

CV 8.78 12.6 28.01 19.12 17.48 18.32 

ETR: Electron transport rate; Fv/Fm: Maximum PSII efficiency; PhiPS2: quantum yield of PSII; qN: non-photochemical quenching; 

NPQ: Alternative non-photochemical quenching; qP: Photochemical quenching; OTC: Open top chamber; LSD: Least Significant 

Difference; ns: no significant; *t-test, p< 0.05;**t-test, p < 0.01, and ***t-test, p < 0.001.  
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Supplementary data Table 4. Results of the Analysis  of variance (ANOVA) of the gas exchange parameters of the milpa system 

(maize+bean+squash) at 45 days after emergence 

 Cond iWUE Photo  Trmmol  

Maize CM Fvalue CM Fvalue CM Fvalue CM Fvalue 

Environment (E) 0.22 58.42*** 2.18 198.8*** 0.32 19.8*** 0.16 14.43** 

Genotypes(G) 0.03 9.66** 0.03 2.99* 0.29 18.04*** 0.1 9.1** 

E x G 0.006 1.67ns 0.0007 0.07ns 0.01 0.61ns 0.005 0.46ns 

CV 13.93 4.84 8.89 19.54 

Bean         

Environment (E) 0.04 9.6* 0.18 23.7*** 0.02 4.2* 0.11 2.31ns 

Genotypes(G) 0.28 66.7*** 0.29 37.54*** 0.11 23.09*** 2.21 43*** 

E x G 0.02 5.53** 0.08 11.2** 0.05 11.03** 0.28 5.45** 

CV 11.09 4.35 4.46 8.62 

Squash         

Environment (E) 0.008 0.49ns 0.00004 0ns 0.016 48.06*** 0.13 1.39ns 

Genotypes(G) 0.004 0.23ns 0.17 5.99** 0.15 439.54*** 0.16 1.68ns 

E x G 0.04 2.57ns 0.2 6.86** 0.03 107.67*** 0.19 2.06ns 

CV 19.07 8.95 1.15 11.43 

Photo: photosynthetic rate; Cond: stomatal conductance; Trmmol: transpiration rates; iWUE: intrinsic water use efficiency; ns: no 

significant; *t-test, p< 0.05;**t-test, p < 0.01, and ***t-test, p < 0.001. 
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Supplementary data Table 5. Results of the analysis of variance (ANOVA) of the chlorophyll fluorescence parameters of the 

milpa system (maize+bean+squash) at 75 days after emergence. 

Maize ETR Fv/Fm NPQ PhiPS2 qN qP 

 CM Fvalue CM Fvalue CM Fvalue CM Fvalue CM Fvalue CM Fvalue 

Environment 

(E) 

0.19 42.3*** 0.27 310.9**

* 

0.19 9.16* 0.04 6.04* 0.07 21.4*** 0.24 375.9**

* 

Genotypes(G

) 

0.05 13.19**

* 

0.000

6 

0.74ns 0.05 2.38ns 0.00

5 

0.85ns 0.01 2.8ns 0.01 19.24**

* 

E x G 0.000

4 

0.1ns 0.000

3 

0.4ns 0.03 1.74ns 0.00

7 

1.1ns 0.00

5 

1.52ns 0.00

8 

13.15**

* 

CV 3.9 3.67 12.13 27.8 7.01 4.24 

Bean             

Environment 

(E) 

154.1 6.51* 0.003

9 

11.3** 0.00

6 

0.15ns 0.00

9 

0.66ns 0.02 1.34ns 0.03 4.74* 

Genotypes(G

) 

4058.

6 

171.3**

* 

0.000

3 

0.89ns 0.11 2.62ns 0.13 9.28** 0.04 3.01ns 0.13 20.55**

* 

E x G 96.15 4.06* 0.002 6.34* 0.61 14.6*** 0.19 13.05**

* 

0.18 10.96** 0.26 40.4*** 

CV 12.8 2.41 18.58 22.8 18.68 10.96 

Squash             

Environment 

(E) 

0.42 12.5** 0.01 15.47** 0.19 2.56ns 0.12 16.68** 0.11 4.29* 0.21 15.37** 

Genotype(G) 0.67 19.67**

* 

0.009 12.56** 1.16 15.39**

* 

0.22 29.13**

* 

0.39 14.85**

* 

0.31 22.52**

* 

G x E 0.06 1.86ns 0.006 8.78** 0.09 1.2ns 0.06 8.24** 0.02 0.83ns 0.14 10.2** 

CV 10.6 3.64 29.02 14.09 22.45 16.5 

ETR: Electron transport rate; Fv/Fm: Maximum PSII efficiency; PhiPS2: quantum yield of PSII; qN: non-photochemical quenching; 

NPQ: Alternative non-photochemical quenching; qP: Photochemical quenching; OTC: Open top chamber; LSD: Least Significant 

Difference; ns: no significant; *t-test, p< 0.05;**t-test, p < 0.01, and ***t-test, p < 0.001. 
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Supplementary data Table 6. Results of the analysis of variance (ANOVA) of the gas exchange parameters of the milpa system 

(maize+bean+squash) at 75 days after emergence. 

Maize Cond iWUE Photo Trmmol 

 CM Fvalue CM Fvalue CM Fvalue CM Fvalue 

Environment (E) 0.03 2.45ns 0.22 4.83* 0.07 3.65ns 0.008 0.04ns 

Genotypes (G) 0.003 0.25ns 0.11 2.4ns 0.33 16.82*** 1.74 9.64** 

G x E 0.045 3.7ns 0.11 2.4ns 0.05 2.76ns 1.08 6* 

CV 25.7 8.81 8.34 19.57 

Bean         

Environment (E) 0.02 1.36ns 0.82 8.99* 0.58 8.34** 0.1 9.8** 

Genotypes (G) 0.02 1.64ns 0.41 4.57* 0.5 7.27** 0.03 3.1* 

G x E 0.025 1.68ns 0.045 0.49ns 0.1 1.49ns 0.01 1.72ns 

CV 21.89 22.38 32.25 17.3 

Squash         

Environment (E) 0.2 13.95** 1.58 22.01*** 0.48 8.22* 0.24 14.69** 

Genotypes (G) 0.01 0.86ns 1.2 16.69*** 0.98 16.81*** 0.005 0.33ns 

G x E 0.01 0.82ns 0.02 0.3ns 0.036 0.63ns 0.01 0.69ns 

CV 16.81 20.83 24.79 21.1 

Photo: photosynthetic rate; Cond: stomatal conductance; Trmmol: transpiration rates; iWUE: intrinsic water use efficiency; ns: no 

significant; *t-test, p< 0.05;**t-test, p < 0.01, and ***t-test, p < 0.001. 
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Supplementary data Photo 1. Effect of the induced passive heat on the harvested cobs 

(maize), pods (bean), and vegetables (squash) of the three milpa system. 
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Chapter VI: General Discussion and conclusions 

Maize native genotypes: germination, emergence, initial growth and chlorophyll 

fluorescence under related effects of climate change 

Maize is planted throughout Mexico, from very warm and humid climates at sea level to 

temperate and dry in the central plateau (equivalent to Altiplano). Distinct races and or 

genotypes of maize have been associated with particular environmental conditions since they 

were first classified (Wellhaussen et al., 1952). Corral et al. (2008) classified Mexican maize 

taking account rainfall, photoperiod and the most significantly temperature of their local 

adaptions or origins. These results have important implications for thinking about the effect 

of climate change adaptation of maize in the country because they indicated the way to take 

for contrasting the negative effects of climate change taking account the local conditions. 

Most notably, this is the first study to our knowledge to investigate effects of the increase of 

temperature and drought in creole genotypes during the germination and early growth stage 

of maize in San Luis Potosí taking account the three agroclimatic regions. 

With the combination of the heat and water deficit stress, the results obtained were null or 

below 20% for percentage of germination. The mean germination time was delayed by the 

lower osmotic potential and the different temperature while for the growth variables most of 

them decreased under water stress conditions and depended to temperatures. However at high 

temperature and water stress (35°C/-0.5MPa), the results of the initial growth parameters 

decreased compared at 20, 25 and 30°C. In this work, some of the effects related to climate 

change (water deficit stress and high temperatures) drastically affected the germination and 

initial growth of creole genotypes of maize from the state of SLP under laboratory conditions. 

Then, it has documented how the increase of temperature and the decrease of precipitation 

will negatively affect the germination and initial growth of creole genotypes from different 

agroclimatic regions. Besides, the local particular conditions of each agroclimatic region 

have influenced the dynamic of germination and growth of the creole genotypes. Then, our 

results let select materials based on successful results from different environments, with 

different levels of water potential and thermal stress. Therefore, materials from less stressed 

areas (in this case Huasteca) will be less resilient to the related effect of climate change. 

It is important to note that our experiment of germination and initial growth was conducted 

in laboratory conditions where the temperature and water deficit stress were controlled. In 

this sense, the limitations of our research are relative to the real conditions that the plants 

face in the field. The combinations of other factors, such as biotics, have not been taken into 

account. 

Most importantly, this is the first study to investigate effects of the induced passive heating 

in young plants of maize (V9 and V12) emergence, initial growth and chlorophyll 

fluorescence of native genotypes of maize taking into account the three agro-ecological zones 
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of the state of San Luis Potosí. Hernández et al. (2021) reported that a solid start to the plant 

cycle (initial stage) is critical for achieving a good end performance and a high grain yield. 

However, high seedling performance alone is insufficient to ensure a good grain production 

at the conclusion of the cycle. It is important to note that, in the Huasteca agro-ecological 

zone, the temperature oscillation in one day and in the year is much lower than in the 

Altiplano and Media. So the Altiplano and Media genotypes are adapted to tolerate extreme 

temperatures (which explains their best results) while the Huasteca genotypes are adapted to 

high temperatures, but with less variation and better climatic conditions for plant growth. 

 

Maize metabolomic profiles under abiotic stress 

Our research is a pioneer in determining the metabolic profile of native maize from different 

environments in the state of San Luis Potosí, Mexico. In the same way, the metabolomic 

profiles helped in classifying the native maize genotypes based on thermal variability. The 

combination of water  deficit and heat stresses represents an excellent example of two 

different abiotic stress conditions that occur in the field simultaneously (Moffat, 2002). Sun 

et al. (2016) reported metabolomic profiles and metabolite levels in the leaves of three maize 

inbred lines grown in different temperatures [18/10°C (low temperature); 25/15°C (optimal 

temperature) and 35/25°C (high temperature)] conditions where our results were similar to 

those found by them because they mentioned a functional and metabolic plasticity may play 

different roles in maize plant adaptation to temperature variations. For example, tropical 

plants are damaged when exposed to temperatures below 10 ºC (chilling injury) and most 

species begin to have problems between 30 and 40°C. Small temperature increases (from 30 

to 35ºC) can damage the reproductive organs of many crops, including wheat (Triticum 

aestivum (L). Thell), maize, rice (Oryza sativa L.), peanuts (Arachis hypogaea L.) and 

tomatoes (Solanum lycopersicum L.). 

This study allowed to determine the metabolomic profiles of maize native genotypes 

seedlings from different environment of the state of SLP; and was able to identify differences 

related to the environment of origin (genetics) and the experimental conditions established 

in this work. Abiotic factors (increase in temperature and/or water stress combination) 

influenced both agronomic variables and molecular characteristics. To the best of our 

knowledge, this study is a first in determining the metabolomic profiles in the early growth 

of native maize seedlings in Mexico, despite the fact that 80 to 100% of the country 

smallholders “campesinos” use native seeds for maize production. However, even if it was 

possible to determine the metabolomic profile of the native maize genotypes from different 

climates and to evaluate the differences between them from the two factors such as water 

deficit stress, heat and their origin, we can say that our knowledge is limited. This is because 

this first research was conducted in laboratory conditions where the factors are controlled 
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differently from what really happens in the field where the maize genotypes face during their 

emergence and growth. 

Growth, development, photosynthetic capacity and grain yield and its component 

parameters of milpa (maize+bean+squash) under climate change 

In this is study, we investigate the influence of increased air temperature (abiotic variable) 

under climate change scenarios on milpa systems (maize+bean+squash) from distinct climate 

in the state of San Luis Potosí, (México). In this present study, OTC was used to simulate the 

induced passive heat and allow evaluation of the milpa systems and their responses under a 

prognostic increase in temperature. 

In the milpa system, maize is the most important crop and in Mexico, maize have an abundant 

genetic variability in all the country. In our previous experiences (germination and 

emergence), the maize genotypes from hot and humid climates were the most affected. 

However, in the complete experience from emergence to yield, the maize from Huasteca (hot 

and humid climate) reported the highest values in growth and development parameters, and 

photosynthetic.  

Furthermore, the current study clearly demonstrated that the induced passive heat during the 

intercropping milpa system resulted in grain yield loss. As a result, the squash was the most 

severely affected (see supplementary data Photo 1), with a loss of up to 91.94% of its fruit 

yield recorded. The reason was that they aborted flowers under the OTC plots and that 

reduced their fruit yield. Most of the cucurbits are perishable and very sensitive to 

unpredictable climatic changes. An environmental stress like increasing (high) temperature 

is thought to be one of the major limiting factors in enhancing cucurbitaceous vegetables 

productivity (Kumar and Reddy, 2021). Additionally, the maize reported a reduction of up 

to 43.31% of the grain yield parameter. As mentioned in our OTC conditions, heat stress is 

a multifaceted challenge of strength (temperature degrees), duration, and rate of temperature 

augmentation and affected the milpa system. The reduction of the yield parameters is well 

correlated with the increase of the abiotic variables. Our results are in concordance with 

Murray-Tortarolo et al. (2018) and Ureta et al. (2020) who stated that under climate change, 

temperature is expected to increase, and maize production could be heavily and negatively 

impacted by climate change (Liu et al., 2020). The negative impact of the related effects of 

climate change on maize in Mexico has been largely studied. Abiotic stresses have been also 

related to the effects of climate change in Mexico and will affect negatively maize 

germination (Diédhiou et al., 2021), seedlings (Lizárraga-Paulín et al., 2011), growth and 

reproduction (Alam et al., 2017) and grain yield (Green et al., 2020). The bean was the least 

affected by the induced passive heat because only those from hot and humid climate 

(Huasteca) reduced their yield. The plants from Altiplano (warm-dry) provided a greater bean 

grain yield. Our results showed that warming favors pod parameters than ambient 

temperature. The reason could be related to their origin environments' specific local 
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adaptation. This is the first report to look into the effects of warming on the milpa system, 

taking into account the variability of the climates in San Luis Potosí. Smallholders, in 

particular, are among those most affected by climate change. Our report is also a pioneer 

experiment in the state. From here, more investigation could be undertaken in each region 

using OTC as a model to simulate the increase in temperature. 

The chlorophyll fluorescence parameters were represented by the measurement of the 

photosystem II fluorescence, which is found in the thylakoid membranes and is extremely 

linked to instant plant damage caused by stress conditions (Maxwell and Johnson, 2000; Xu 

et al., 2020). In our study, the induced passive heat affected differently the chlorophyll 

fluorescence of the milpa system at the early and late stage of the crops. The induced passive 

heat increased the ETR, Fv/Fm and decreased the PhiPS2, qN, NPQ and qP of the maize 

plants. Furthermore, the response was different for bean and squash. The ETR increased by 

the effect of the induced passive heat in beans and squash, while Fv/Fm, PhiPS2 and qN 

reduced their values under the effect of the passive heat for the two crops. On the other hand, 

the qP was increased by the passive heat effect. Taking into account that under stress 

conditions Fv/Fm, PhiPS2, and qP are the most important parameters, our results are in 

accordance with that because the passive heat decreased those parameters for maize, bean, 

and squash (except qP). 

The gas exchange effect under passive heat stress has been reported to have different 

responses in the crops at 45 and 75 days after emergence. The photosynthetic rate, or CO2 

assimilation, and intrinsic water use efficiency were affected by the passive heat for all the 

crops in the system, while the stomatal conductance and transpiration rate were not affected 

at the early stage. Furthermore, the induced passive heat did not affect the maize at the 

reproductive stage; while the three other gas exchange parameters were affected. These 

results coincide with the analysis by Bradford et al. (2017) in which they conclude that 

increased temperature, while maintaining soil moisture, increases rainfed agriculture 

suitability in semiarid temperate regions (equivalent to Altiplano region) for beans 

specifically. 

Research perspectives and constraints 

This investigation evaluated maize genotypes from germination to grain yield. In addition, 

the intercropped crops bean and squash with maize were also evaluated under the warming 

effect. However, germination experiments were conducted in controlled conditions where 

others factors such as biotics were not taken into account. Also, the metabolomic profiles of 

maize seedlings grown under related conditions of climate change was determined. For that, 

shoots of the seedlings of 16 days after germination were used and were only determined 

using the GC/MS technique. Then, for future research, the use of more techniques such as 

nuclear magnetic resonance (NMR), Fourier transform-ion cyclotron resonance mass-

spectrometry, capillary electrophoresis-mass spectrometry and pressurized liquid extraction, 

liquid chromatography tandem mass spectrometry (LC-MS/MS), high or ultrahigh 
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performance liquid chromatography coupled to UV or fluorescent detection (HPLC/UPLC) 

and more aspects of the seedlings or plant parts (root, shoot, stem, leaf etc.), including the 

age of the crops, will be really interesting and bring more knowledge about maize native 

genotypes' metabolomics profiles grown under abiotic or/and biotic stresses and their 

combination. This kind of investigation has not been yet well studied in crops and specially 

in native genotypes of maize. 

On the other hand, the use of the OTC to simulate the increase in the air temperature is a very 

good method in plants, but the small OTCs are limited for the maize crop because they can 

only be evaluated at an early stage of the maize. In the same way, OTC was created to 

evaluate the entire maize cycle. We were able to evaluate the maize's entire life cycle thanks 

to the OTC. Even so, the conditions they encountered, such as high relative humidity and the 

presence of more insects (data not evaluated), represented the constraints of the milpa 

experiments. In this research, in OTC experiments, only the temperature increase was 

evaluated. Future investigations can be conducted by combining the increase in temperature 

with the water deficit with the objective of simulating the real conditions that crops face in 

the fields. In addition, our field experiments with the OTC were conducted in the Altiplano 

region, which gave advantages for the crops from this region because they are already 

adapted to the conditions below, while the other two regions have been related to 

disadvantages. In the same way, future research must be conducted in conjunction with the 

construction of the OTC in each region of the state. Another constraint of this research is that 

the system milpa was evaluated for each crop and not as a system where there are relations 

between each element of the system. In this context, we also suggest evaluating the milpa as 

a system with the possible use of mathematical and statistical models. 

In this research, only the negative effects of the related effects of climate change have been 

exposed. There have been no solutions proposed for farmers to mitigate the negative effects 

of climate change. For that, we propose using arbuscular mycorrhiza (AM) symbiosis, for 

example, under heat and/or water deficit stress. AM is known to be a nutrient-exchange 

symbiosis between plant roots and fungi of the phylum: the fungus receives organic carbon 

from its host and provides mineral nutrients, particularly phosphate, to the plant. The 

symbiosis has also been linked to increased plant resistance to abiotic stresses such as water 

deficit, salinity, and temperature extremes. Because of the benefits it provides for plant 

growth, the symbiosis is of great interest for use in sustainable agriculture. 

In this context, several research questions and hypotheses to respond to for future 

investigations are:  

Would there be differences between the metabolomic profiles of maize genotypes grown 

under climate change-related conditions with the use of different techniques (NMR, GC/MS, 

HPLC/UPLC, LC-MS/MS, etc.)? With the hypothesis that the use of different techniques 

will provide different metabolites, taking into account that each technique has disadvantages. 
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How would crops (maize+bean+squash) respond on physiology, growth and development, 

photosynthetic capacity, and yield (biomass, grains, and fruits etc.) to a combination of 

temperature increase and water deficit? This question can be answered with the use of the 

OTC to increase the air temperature and with the suspension of irrigation. In the same way, 

single-stress and multistress can be conducted in field conditions. In addition, we propose to 

conduct the experiments in each agroclimatic region of the state. The suggested hypothesis 

is that the combination of heat and water deficit stress and single-stress will affect the maize 

genotypes differently, and the genotypes with great responses can represent a key to 

counterattack the related negative effect of climate change in the state of SLP. The objective 

of the experiments must be to find the genotypes with more resistance to single and 

multistress in field conditions. 

In the same way, after the determination of the genotypes more resistant to single and 

multistress, the metabolomic profiles of those genotypes can be determined and will provide 

more knowledge for the protection of the Mexican native maize. Therefore, the use of OTC 

can help to understand the crops' responses to future scenarios that are expected to happen in 

the future. In addition, to provide solutions for the smallholders "campesinos", the use of AM 

symbiosis under single and multistress experiments must be tested in field conditions. 

 

Conclusions and final reports  

The results of this thesis lead to the following conclusions:  

1. The germination and initial growth of creole genotypes of maize coming from 

different agroclimatic regions were drastically affected by the increase of temperature 

and water stress. The creole genotypes from the region with more high mean annual 

temperature and precipitation (Huasteca) were the most affected and we consider this 

is associated to adaptations of the genetic material to the local environmental 

conditions with less stress in comparison to the materials from Altiplano and Media, 

that are adapted to regions of unfavorable conditions. Genotypes from the Altiplano 

and Media regions are associated not only with stress because of the combination of 

less precipitation and mean annual temperature but also with high temperature 

variations. The creole genotypes from Altiplano and Media can represent an 

important phylogenetic potential to counteract negative effects of the increase of 

temperature and water stress for being the less affected in laboratory conditions and 

coming from unfavorable conditions for the development of maize plants. 

2. In the present, metabolomic profile in Mexican native maize have not yet well studied 

and most of the profile investigated was done on trans genetic, hybrid, wild ancestral 

maize. In addition, the response of maize to stress involves complex physiological 

and biochemical processes, and the molecular mechanism governing this response 

needs to be elucidated in depth via combinations of various analytical methods, such 
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as metabolomics, proteomics, genomics, transcriptomics, and bioinformatics. We 

conclude that the metabolomic profile of Mexican native maize have not been well 

studied and can be the key to understand how to face and how maize face the negative 

effect of climate change. 

3. Untargeted metabolic profiling using gas chromatography/mass spectrometry in 

combination with multivariate data analysis provided molecular differentiation of the 

native genotypes of maize from warm-dry, temperate, and hot and humid 

environments. As a result, we now have a better understanding of the molecular 

diversity of these maize genotypes. Important metabolites in the different native 

maize genotypes were identified under heat, water stress and their combination and 

the origins of each genotype. The metabolite profiles, which show the relative content 

of the metabolites of the genotypes under related effects of climate change, will be 

useful baseline information for assessing the possible ways to counterattack abiotic 

stresses (water stress and heat) in native genotypes of maize. 

4. Findings of the present study showed differential effects of warming on physiological 

attributes of native maize seedlings. The emergence of the seedlings and the 

photochemical quenching of the maize seedling genotypes were affected negatively 

by the increase in air temperature. The plant growth benefited from the increase in 

temperature, and it was accelerated. The genotypes from the Huasteca region (hot 

and humid climate), were the most affected. This is linked to the local conditions of 

adaptation of their genetic material, which is less stressed than the materials from the 

Altiplano (warm-dry climate) and the Media (temperate climate), which have 

unfavorable conditions and stressful environments for maize plant growth.  

5. Finally, the growth and development parameters of the crops in the milpa system 

increased under the warming effect. Furthermore, the milpa from a hot and humid 

climate (Huasteca) was the least affected by the induced passive heat. In contrast, the 

warming considerably delayed the grain yield parameters of all the crops. The squash 

was the most affected crop, while the bean was the most benefited from the grain 

yield parameters. The warming affected the chlorophyll fluorescence of the PSII and 

gas exchange differently for each crop. However, at an early stage (45 days after 

emergence), Fv/Fm and qN for bean and maize were reduced, while at the 

reproductive stage (75 days after emergence), they were Fv/Fm, qP, and qN for 

maize; stomatal conductance and transpiration rate of the squash were improved 

under the effect of warming. 
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Photo 1: Experiments of germination, initial growth and metabolomic extraction  
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Photo 2: Experiment of maize seedlings in OTC 
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Photo 3: OTC constructions and milpa experiments  

 

 


