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Citrus genus: Taxonomy and current state 

 

 Citrus trees are one of the most important persistent leaf fruit crops in tropical, 

subtropical, and select temperate regions (Kahn et al., 2001; Zhang, 2014) and are 

cultivated in more than one hundred countries. In regards to taxonomy, the Citrus 

genus belongs to the Rutaceas family, which includes 162 species (Tanaka, 1977).  

While there are various taxonomic descriptions of the genus, the taxonomy 

described by Swingle and Reece (1967) is most accepted: 

  Family: Rutaceae 

   Subfamily: Aurantoideae 

    Division: Embriophyta Siphonogama 

     Subdivision: Angiospermae  

Class: Dicotyledonea 

Subclass: Rosidae 

Superorder: Rutanae 

Order: Rutales 

 

The true citrus trees are comprised of six genera belonging to the subtribe 

Citrinae (Clymenia, Eremocitrus, Microcitrus, Poncirus, Fortunella and Citrus 

(Swingle and Reece, 1967). In 1976, Barrett and Rodas suggested that within the 

subgenus Citrus there were only three true "basic" species: lemon (C. medica L.), 

mandarins (C. reticulata Blanco), and grapefruit (C. maxima L. Osbeck). 

Subsequently, Scora (1988) pointed to C. halimi as another true species within Citrus 

subgenus. Currently the subgenus Eucitrus is the most widely cultivated Citrus.  
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Citrus plants are usually medium-sized trees with a height of about 6 meters, 

although some species can reach 15 meters. Most species have a single trunk 

comprised of very hard wood. Depending on the species, the treetop can be slender 

or very wide. Flowers range from 2-4 cm in diameter and are aromatic, individual, 

and often perfect including both pistil and functional stamen. The fruit is a fleshy, 

hesperidium, indehiscent berry that varies in size, color, shape and juice; the 

diameter of the fruits can vary from 4 cm (lemon) to more than 25 cm (grapefruit) 

(Figure 1). Seeds are whitish to greenish, flattened and angular, and usually 

polyembryonic, meaning they have multiple embryos that can germinate. Most of the 

species are diploid (2n = 8 chromosomes) and have a relatively small genome (382 

Mpb). 

 

Figure 1. Citrus. a) Seeds, b) Flower, c) Lemon fruit Eureka, d) Mandarins fruit, e) 

Orange fruit 

 

 The Citrus genus is native to the tropical and subtropical regions of India and 

southern China, reaching northern Australia and New Caledonia. In China, the 

cultivation of oranges and grapefruit goes back to 2400 years B.C. (Manner et al., 

2006). Currently, the cultivation of these trees is widely distributed in the tropical and 
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subtropical regions between the parallels 44º N and 41º S (Agustí, 2000). This genus 

has more than 145 species and is the most important genus in this family. The seven 

most important species within the citrus include C. sinensis (sweet oranges), C. 

reticulata (mandarin), C. clementina (clementines), C. lemon (lemons), C. paradisi 

(grapefruit), C. grandis (grapefruit), C. medica (citrons) and C. aurantium (bitter 

orange). 

Recent studies using genomic, phylogenetic, and biogeographical strategies 

indicate that citrus plants originated in the southeast Himalayas in a region that 

includes eastern Assam, northern Myanmar, and western Yunnan (Wu et al., 2018). 

The ancestry of 46 citrus accessions was recently determined using 588,583 single 

nucleotide polymorphisms (SNPs) of an ancestral origin derived from three species, 

C. medica, C. maxima and C. reticulate (Wu et al., 2018). This analysis revealed that 

grapefruit was present in 24 of the 28 mandarins evaluated and suggested 

classification of three mandarin types: Mandarins as a pure species (type 1), 

mandarins mixed with the grapefruit haplotypes P1 or P2 (type 2), and mandarins 

and sweet oranges generated due to additional introgressions of grapefruit with 

mandarins of type 2 (type 3). Subsequent crossings between sweet oranges and 

mandarins or type 3 mandarins generated the mandarins marketed today (Figure 2). 
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Figure 2.  Genealogy of the main citrus species.  

 

The fruits of these trees provide numerous nutrients such as vitamins, fiber, 

calcium, potassium, and folic acid, which yield beneficial health outcomes and 

reduce health risks (Jia et al., 2017). Globally, citrus production totals 130 million 

tons and has grown 16% over the last five years (FAO, 2016). World citrus 

production is distributed primarily in five countries: China, Brazil, India, United 

States, and Mexico, which alone produces two thirds of the global supply (Liu et al., 

2012; FAO, 2016). Currently, Chile ranks 36th in world citrus production and 11th in 
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the export of this fruit (FAO, 2016).  The main citrus fruits grown in Chile are sweet 

orange (Citrus sinensis (L.) Osbeck), clementines and tangerines (Citrus clementina 

L. and Citrus reticulata Blanco), and lemons (Citrus lemon (L.) Burm.) (ASOEX, 

2011). This sector has experienced greater than 300% the last 10 years (Figure 3), 

with production increasing from 75,000 tons in 2005 to 250,000 tons in 2017 

(ODEPA-CIREN 2015) (Figure 3). 

 

Figure 3. Evolution of Chilean citrus exportation between 2005 and 2017. 

The main citrus producing regions in Chile are located in the central northern 

zone of the country, including region III (Atacama, 23.1%), region V (Valparaíso, 
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27.6%), region XIII (Metropolitan, 28.9%), and region VI (Libertador Bernardo 

O'Higgins, 19,4%) (ODEPA, 2012). The Atacama region is the earliest citrus ripening 

zone in the country, where the color and aroma (flavor) of orange, lemon, and 

tangerine fruits are most intense (Gompertz, 1999; Arentsen 2002). However, due 

to limited water availability in this valley, the area of citrus cultivation is very small 

(162 hectares), equivalent to 0.9% of the national area (Gompertz, 1999).  

 

Effect of water deficiency on plants 

The earth’s volume of water, an essential resource for all living things, 

reaches 1,400 million km3. However, 97.5% of water is held by oceans and seas and 

salt water, while only 2.5% corresponds to fresh water. Further, only 0.003% of water 

is potentially available to humans (45,000 km3) and only 9,000 to 14,000 km3 are 

available for capture and use to support of economic activities. Of the total 

freshwater withdrawals (3,830 km3/year), the highest proportion (70%) is allocated 

for agricultural applications, 30% is destined for industrial purposes, and 10% is used 

domestically (FAO, 2007; Molden et al., 2007; Ruane et al., 2008; Faures, 2012). 

Drought is one of the most important meteorological phenomena facing the 

world today due to its long-term impact on water resources, agricultural production, 

and economic activity (Wang et al., 2014). The percentage of the planet affected by 

drought has more than doubled in the last 40 years, especially in arid and semi-arid 

regions, affecting more people in the world than any other natural phenomenon 

(Cook et al., 2018). Climatic projections made by Wallace (2000) indicate that the 
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number of people living in water scarce areas could reach 67% by the year 2050. 

Work by Schewe et al. (2014) indicates that a 2°C increase in the current global 

temperature could translate to more than 20% of the world’s population living in 

conditions of absolute water scarcity (Figure 4A). This scenario seems inevitable at 

the end of the 21st century (Schiermeier, 2014; Zandalinas et al., 2018).  Likewise, 

precipitation is expected to be increasingly erratic in the coming years, generating 

higher average annual rainfall in higher latitudes and the equatorial Pacific, while 

precipitation in many regions of medium latitude and dry subtropical regions will 

decrease (Figure 4B). 
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Figure 4. Prediction of changes in average surface temperature (A) and rainfall (B) 

by the year 2100. The color scale indicates the decrease or increase in Celsius 

degrees (A) and the percent change in precipitation (Zandalinas et al., 2018). 

 

Considering the projections described above, a water crisis is expected in the 

future, not only due to the lack of water but also due to the misuse of available water 

resources (Molden, 2007). Today, climate change is exacerbating drought events in 

various parts of the world, including the United States, East Africa, Australia, Brazil, 
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China and Spain. In these countries, drought periods have increased in frequency, 

intensity, and duration (Van Loon et al., 2016). Chile is no exception: since 2010 the 

region between Coquimbo and Araucanía has experienced a water deficit of 30%. 

Due to its territorial extension and persistence, this event has been named 

megasequía. Consequently, aridification is expected in the central and southern 

zone of Chile during the present century, increasing the occurrence and intensity of 

droughts similar to the megasequía (CR2, 2015). 

In addition, agricultural areas requiring irrigation have grown worldwide, with 

a 100% increase between the year 1960 (140 million hectares) and 2000 (280 million 

hectares) (Tilman et al., 2002; Pretty, 2008). The considerable growth in agricultural 

production is associated with increased yields due to higher pesticide and fertilizer 

use (mostly nitrogen and phosphorus) as well as improved access to water for 

irrigation. Between 1965 and 1985 average yields increased by 56% worldwide but 

slowed to 20% growth by 2005 (Foley et al., 2011), indicating that technological 

advances have not been sufficient to ensure constant growth over time.  At the same 

time, agricultural expansion has irreversibly damaged the environment through 

intense water use, conversion of natural lands to agricultural ecosystems, and 

contamination of various terrestrial, aquatic, and subterranean aquatic habitats with 

excessive nutrients (phosphorus and nitrogen) and pesticides.  

Plants require large quantities of water for proper development.  Water 

accounts for 80-95% of the fresh weight of plants Taiz and Zeiger, 2010). However, 

plants only conserve 3% of the total volume of water absorbed, which is used for 

photosynthesis or other metabolic processes (Taiz and Zeiger, 2010). As example, 
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citrus plants have a particularly high water demand, requiring 100 liters of 

water/tree/day during the sixth year of growth (Shalhevet and Levy, 1990). 

Given the importance of water in the development of plants, water deficiency 

significantly affects cellular functions, generating severe negative impacts on 

development and reproduction. Fundamental processes such as photosynthesis are 

affected by water shortage events. Direct effects of water deficiency relate to 

decreased diffusion of CO2 through stomata and mesophyll and alterations in 

photosynthetic metabolism (reducing the content, activity, and regeneration of 

enzymes involved in the Calvin cycle). Indirect effects include secondary oxidative 

stress, which can damage the photosynthetic apparatus (Munns, 2011; Dodd and 

Ryan, 2016).  The ability of certain plants to tolerate or overcome water stress is 

granted by particular physiological and cellular mechanisms, some of which are 

related to completing their life cycle during the wet season when water is readily 

available or maximizing water acquisition by generating a large root system to extract 

water at greater depths and storing water inside the cell as it happens in the plants 

of CAM metabolism (Dodd and Ryan, 2016) or to induce the abscission of the foliar 

area.  

Decreased leaf area is associated with decreased water loss through 

transpiration, the process by which plants lose about 95% of water during the day 

(Taiz and Zeiger, 2010). Osmotic adjustment is another response generated in plant 

tissue during a water stress event. This response involves increasing the 

concentration of solutes (osmolytes) such as sugars (mannitol, sorbitol and 

trehalose), proline, and glycine betaine in the interior of the cell in order to reduce 
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water potential, allow the influx of water into the cells, and maintain turgor (Taiz and 

Zeiger, 2010; Dodd and Ryan, 2016). In the same way, water stress induces 

increased disposition of waxes on the leaf surface with the aim of reducing water 

loss from the epidermis. In addition, water stress induces changes in the expression 

of genes related to the biosynthesis of osmolytes, proteases, LEA proteins (Late 

embryogenesis abundant), aquaporins (transmembrane proteins that form channels 

to facilitate transport of water), and the abscisic acid (ABA) response, a 

phytohormone broadly related to stomatal closure in plants (Taiz and Zeiger, 2010; 

Dodd and Ryan, 2016). ABA is perceived by the PYR/PYL/RCAR receptors 

(Pyrabactin resistance/pyr1-like/regulatory component of aba receptor) in the guard 

cells, activating a signaling cascade that culminates in stomatal closure. In the 

absence of ABA, Protein phosphatase 2C (PP2Cs) inhibits protein kinases that act 

as positive regulators of stomatal closure by dephosphorylation. ABA receptors 

interact with PP2Cs, but their affinity is low in the absence of ABA.  In contrast, when 

ABA binds to its receptors, the interaction with PP2Cs strengthens, inhibiting 

phosphatase activity and allowing the activation of protein kinases such as OST1 

(Open stomata 1) and CPKs (calcium-dependent protein kinases), which activate 

anionic channels by phosphorylation. This mechanism generates anion efflux, 

depolarization of the plasma membrane, and consequent activation of K+ efflux 

channels. The efflux of anions, K+, and water decreases the turgor of the guard cells 

and prompts stomatal closure (Figure 4) (Kollist et al., 2014). Located in the leaf 

epidermis, stomata are comprised of a pair of specialized cells named guard cells 

and allow gaseous exchange between the plant and the atmosphere. Plants open 

stomata to assimilate CO2 through photosynthesis, but doing so renders the plant 
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susceptible to water loss through transpiration. Accordingly, appropriate regulation 

of stomatal opening and closing is vital for proper plant growth (Schroeder et al., 

2001a; Taiz and Zeiger, 2010). 

Rerspiration is a physical process that depends on both the difference in 

concentration of water vapor between the spaces of the leaf and the outside as well 

as the resistance to diffusion (r). Resistance may be classified into two types: 

stomatal resistance of the leaf (rs), associated with diffusion through the stomata; 

and resistance of the stationary layer of the leaf (rb), related to the stationary layer 

of air near the surface of the leaf through which water vapor must diffuse in order to 

reach the turbulent air of the atmosphere (Taiz and Zeiger, 2010). 

Several environmental factors such as light, high humidity, and low CO2 

concentration induce stomatal opening by generating hyperpolarization of the 

plasma membrane by an influx of ions (K+, Cl-, NO3-) and through production of 

malate (Schroeder et al., 2001a; Kim et al., 2010; Araujo et al., 2011) In contrast, 

darkness (in C3 and C4 plants), high internal CO2 concentration, drought, and high 

ozone concentration induce stomatal closure through depolarization of the plasma 

membrane, which induces efflux of the same ions and conversion of malate to 

starch, resulting in decreased turgor of the guard cells and stomatal closing 

(Schroeder et al., 2001a; Schroeder et al., 2001b; Kim et al., 2010; Kollist et al., 

2014). 

Stomatal opening is mainly induced by blue light, which is perceived by 

photoreceptors associated with the plasma membrane called phototropins (PHOT1 

and PHOT2). These photoreceptors have a serine/threonine (Ser/Thr) kinase 
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domain and are autophosphorylated and activated upon stimulation by blue light. 

PHOTs are thought to be inactivated by dephosphorylation by type 2A phosphatase 

proteins (PP2As). Upon activation, PHOTs interact with 14-3-3 regulatory proteins 

and phosphorylate a protein kinase called BLUS1 (blue light signaling 1). The 

signaling cascade downstream of BLUS1 is unknown. However, it is known that blue 

light signaling culminates in activation of the H+-ATPase pump of the plasma 

membrane by phosphorylation, which pumps protons (H+) out of the cell, resulting in 

hyperpolarization of the plasma membrane and activation of K+ influx rectifier 

channels. This produces an influx of K+ and water, which increases the turgor of the 

cells, opening the pore of the stoma and activating H+-ATPases. Blue light inhibits 

anionic channels of the plasma membrane which contributes to hyperpolarization 

(Chen et al., 2012; Kollist et al., 2014) (Figure 5). Other photoreceptors such as 

cryptochromes (CRYs) and phytochromes (phys) also participate in the regulation of 

the stomatal opening, but the signaling pathways mediated by these photoreceptors 

have not been characterized in detail. 
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Figure 5: Diagram of the movement of ions in the opening or closing of 
stomata. The transporters located in the plasma membrane of the guard cells and 
those located in the tonoplast or vacuolar membrane are represented. The arrows 
indicate the direction of movement of the ions for both the opening (left) and the 
closing (right). The change in the potential of the membranes for each event is also 
represented in the lower part of the figure (Adapted to Kollist et al., 2014). 

 

 

Effect of salinity on plants 

Saline stress is another important condition that affects normal plant 

development due to the reduction of soil water potential. Approximately, 830 million 

hectares are affected by salinity (> 6% of the total surface of the planet). According 

to FAO (2008)  for the year 2050 is projected 50% of agricultural land salt. Salinity 

is a soil condition, defined by a high concentration of soluble salts. Soils with 

electrical conductivity (CE)> 4 dSm-1 are considered saline (40 mM NaCl) (Qadir et 

al., 2014). Most fruit trees and agricultural crops are sensitive to salinity, which is 

reflected in a decrease in their productivity. The accumulation of salt in the soil not 
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only affects normal plant functions, but also degrades the structure of the soil, 

resulting in decreased porosity and permeability. The salts that contribute most to 

salinity are Na+, Ca+2, Mg+2, Cl- and SO4
-2. Salinity can be measured based on 

electrical conductivity or osmotic potential (Negrão et al., 2017). 

 
Plants can be classified according to their salinity resistance. Very tolerant 

plants, such as halophytes, have managed to adapt naturally to saline conditions. 

Examples are the species belonging to the Chenopodiaceae family and the Prosopis 

genus. However, the plants most sensitive to salinity belong to the group of 

glycophytes such as onions, corn, lettuce and citrus.  In the particular case of citrus, 

it has been established that the yield remains unchanged until the electrical 

conductivity of the soil saturation extract (CEe) reaches 1.4-1.5 dS m-1. From this 

threshold, for each increment of 1 dS m-1 of CEe the yield is reduced between 13 

and 13.5% (Maas and Grattan, 1999). 

 
Saline and water stress are directly related because higher concentrations of 

soluble salts decrease water potential. Therefore, most plants respond to stress 

(water and salt) with the same physiological and molecular mechanisms because 

both cases share the same limiting factor, water. However, plants that face saline 

stress must additionally withstand high concentrations of ions such as Na+, Cl-, and 

CO3
-2. 

 
The main effects caused by saline stress inside the cell include ionic 

imbalance and osmotic stress (Bartels and Sunkar, 2005), which result in oxidative 

damage. Drastic changes in ion concentration and homeostasis lead to molecular 
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damage that decrease growth rats or even death of the plant. Normally, cells 

respond to decreased water content by shrinking and relaxing their cells walls, which 

decreases turgor while increasing the concentration of solutes. This is the first 

biophysical effect of water stress; therefore, activities that depend on turgor, such as 

leaf expansion and root elongation, are inevitably affected (Figure 6). 

Salts dissolved in water generate lower osmotic potential, which translates 

into lower water potential. The solutes in a higher concentration in a solution produce 

an effect similar to that of water deficit because absorption of water is limited. Saline 

stress also has a specific effect related to the ions themselves. 

 
 

 
 
 
Figure 6. Water potential changes in the cell by water deficit. (Taiz and Zeiger, 
2010) 
 
 

Salinity also produces oxidative damage, generated by the accumulation of 

reactive oxygen species (ROS). ROS are partially reduced forms of atmospheric 

oxygen (O2) that result from the excitation of O2 to form singlet oxygen (1O2) or the 
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transfer of one, two, or three electrons to O2 to form superoxide radical (O2
-), 

hydrogen peroxide (H2O2), or the hydroxyl radical (OH-), respectively. While many 

sources of ROS are present in plant cells, chloroplasts and mitochondria represent 

the most significant sources of ROS as a product of photosynthesis and respiration. 

The negative effect caused by excess ROS is known as oxidative stress. The main 

effects of oxidative stress are alterations at the level of the plasma membrane, 

interruption of enzymatic activity, changes in the availability of nutrients, and damage 

in the photosynthetic apparatus. Plants have developed various mechanisms of 

detoxification and protection to repair the damage caused by ROS, such as the 

production of enzymes and "antioxidant" metabolites, which allow them to survive in 

oxidizing conditions. The antioxidant system is responsible for reacting with these 

agents to achieve detoxification. The ROS detoxifying systems works through two 

mechanisms, enzymatic and non-enzymatic. The enzymatic systems that inactivate 

ROS are SOD (superoxide dismutase), APX (ascorbate peroxidase), GPX 

(glutathione peroxidase), and CAT (catalase) (Wang et al., 2003). SOD is the first 

enzyme that acts to eliminate ROS, catalyzing dismutation of the superoxide ion   

(O2
-) to H2O2. This ROS is then reduced to water by the peroxidases APX, GPX, or 

CAT. The peroxidases APX and GPX require regeneration of their reducing agents, 

Asc (ascorbate) and GSH (reduced glutathione), respectively, which are mediated 

by NAD(P)H+. 

 

Non-enzymatic detoxification systems are composed of cellular redox buffers 

such as ascorbate and glutathione. GSH is oxidized by ROS to GSSG, while Asc is 

oxidized to MDAsc (monodehydroascorbate) and to DHAsc (dehydroascorbate). 
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The oxidized products GSSG and MDA-DHA must be reduced by enzymes to GSH 

and ASA. A high ratio of Asc/MDAsc + DHAsc and GSH/GSSG is essential for the 

inactivation of ROS (Figure 7). 

 

 
 

 
 
Figure 7. Above: The superoxide generated at the level of Photosystem I (FSI) is 
eliminated in the water cycle by the concerted activity of SOD and APx. Below: the 
peroxide and superoxide that escape detoxification are reduced in the stroma by a 
pathway involving SOD, APx, monodehydroascorbate reductase (MDAR), 
dehydroascorbate reductase (DHAR), and glutathione reductase (GR). Asc, 
ascorbate; MDAsc, monodehydroascorbate; GSSG, oxidized glutathione; GSH, 
reduced glutathione. Adapted from Taiz and Zeiger, 2010. 
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Physiological and molecular response of citrus to abiotic stress: Room for 

genetic improvement.  

Biotechnological strategies have been proposed to increase water-use 

efficiency (WUE), which describes the accumulation of biomass (A) and water 

consumed (E) (Lambers et al., 2008). The overall aim of these strategies is to reduce 

the rate of transpiration of the plant without significantly reducing the assimilation of 

CO2, ultimately generating highly productive plants with lower water requirements 

(Cominelli et al., 2010; Cominelli and Tonelli, 2010). Another strategy to increase 

WUE is to decrease the number of stomata on the leaf surface of plants (Hughes et 

al., 2017). Laporte et al. (2002) showed that expression of the NADP-dependent 

malic enzyme (ME, which converts malate and NADP+ to pyruvate, CO2 and 

NADPH) in tobacco decreased stomatal conductance (gs) and increased the mass 

of fresh tissue per unit of water consumed without affecting growth. Similarly, 

overexpression of the HvEPF1 gene in barley generated transgenic lines with 

stomatal density and significantly lower gs, without decreasing grain yield. These 

lines showed improved WUE and greater tolerance to drought (Hughes et al., 2017). 

Considering food demand projections, more sustainable agricultural practices 

will be necessary in order to maintain high crop yield while simultaneously minimizing 

environmental impacts. Implementing sustainable agricultural practices will require 

biotechnological tools for the generation of monocultures with greater WUE, 

innovative methods to supply nitrogen and phosphorus, and the integral 

management of pests to reduce dependence on pesticides (Tilman, 2002; Pretty, 

2008). Plants grown under natural conditions are regularly subjected to different 
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combinations of abiotic stress. Citrus trees are among the most water demanding 

woody fruit species with water accounting for 85% of their fresh weight versus 50% 

for other plants. Decreased productivity due to water and/or salinity stress are 

common in locations where citrus are cultivated (Pérez-Pérez et al., 2009; Álvarez 

et al., 2015a). 

 

Under current citriculture practices, all commercial varieties are grafted onto 

rootstock, which provides distinct advantages for the growth and fruit production of 

the plant (Agustí, 2003). The use of rootstocks allows for control of the vigor, 

productivity, and quality of the fruit in a given environment and confers greater 

resistance to various abiotic stressors such as low or high temperatures, salinity, 

and water stress (Pinochet, 1990; Khan and Khender, 2007; Vélez et al., 2012), 

though differences arise between different rootstocks. For example, the orange 

cultivar 'Lane late' exhibits a more efficient biomass/water production ratio when 

grafted onto the "Carrizo" rootstock than the "Cleopatra" rootstock. Controlled deficit 

irrigation (CDR) techniques represent another development in the citrus varieties 

marketed today. This technique provides water savings, lower energy consumption, 

lower production costs, greater efficiency in the use of water resources, and 

reduction of pollution risks due to deep percolation (Vélez et al., 2012).  

Implementation of this technique during filling and ripening of the fruit improves 

quality by generating a higher content of soluble solids and acidic compounds (Peng 

and Rave 1998). In the case of lemon and limes, CDR is used in summer to induce 

flowering out of season. In the orange ''Lane beats'' reduction of the water supply 
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generates a delay in the harvest without diminishing production (Pérez-Pérez et al., 

2009). 

Several authors have demonstrated that the response of citrus plants faced 

with water deficit events or a combination of abiotic stressors (i.e. severe drought 

and high temperatures) depends on several factors such as phenology, 

physiological status, irrigation water quality, genotype, and degree and intensity of 

stress (Núñez-Vázquez et al., 2017). Citrus plant adaptations to abiotic stressors are 

varied, but the most relevant are restriction of vegetative growth, reduction of 

stomatal conductance (gs) to avoid water loss by transpiration, decrease in the 

assimilation of CO2 and yield, and abscission of leaves and fruit (Pérez-Pérez et al., 

2009; Álvarez et al., 2015a). Other cases have reported decreased hydraulic 

conductivity of the root, generation of waxy layers that occlude the stomata and 

decrease the water loss, and changes in the angle of inclination and curl of leaves 

to reduce the intercepted surface and radiation to reduce transpiration (Núñez-

Vázquez et al., 2017; Agustí, 2003; Vélez et al., 2012). Consequently, 

photosynthesis can be directly affected by limitation in CO2 diffusion though the 

mesophyll and the stomata, alterations in the photosynthetic metabolism, and 

modifications in the activity and regeneration of enzymes involved in the Calvin 

cycle. Moreover, these abiotic stress defense mechanisms may indirectly affect 

photosynthesis through oxidative stress, which can damage the photosynthetic 

apparatus (Dodd and Ryan, 2016). 

Metabolic and osmoregulation adaptations that involve the accumulation of 

solutes compatible with normal cellular function have also been reported in response 
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to water deficiency (Barry et al., 2004; Navarro et al., 2010; Zandalinas et al., 2018). 

Previous studies have reported an increase in the content of phytohormones such 

as ABA, jasmonic acid (JA), salicylic acid (SA) (Wang et al., 2012; Wang et al., 

2015), and ethylene (Vélez et al., 2012; Zandalinas et al., 2018) or a rapid decrease 

in gibberellin content (Mahouachi et al., 2005) in response to this abiotic stress.  It is 

known that SA induces the genes ICS and PR1 among others and maintains the 

integrity of the cell membrane in plants in addition to protecting Photosystem II (PSII) 

(Clarke et al., 2009; Coqueiro et al., 2015). 

The hormone ABA triggers stomatal closure by inducing genes that code for 

transcription factors (TFs) such as MYB44 and MYB15 (Jung et al., 2008; Cominelli 

et al., 2010). The induction of numerous genes which may be involved in signaling 

and transcriptional control has been reported in response to various types of abiotic 

stress. Examples include MyC, Map kinases and SOS kinases (Shinozaki and 

Yamaguchi-Shinozaki, 1997), phospholipases (Zhai et al., 2012), and transcription 

factors including HSF, CBF/DREB, and ABF/ABRE (Zhu, 2002; Von Koskull-Döring 

et al., 2007; Kang et al., 2002; Álvarez et al., 2015b). Moreover, genes related to 

membrane stability or protein protection (i.e. heat-shock proteins), chaperones, LEA 

proteins (Thomashow, 1999; Bray, 1997; Bohnert and Sheveleva, 1998; Ingram and 

Bartels, 1996; Vierling, 1991), osmoprotectors and free radical scavengers (Bohnert 

and Sheveleva, 1998), and genes linked to ion transporters and aquaporins (Serrano 

et al., 1999; Tyerman et al., 1999; Blumwald et al., 2000) have also been implicated 

in response to abiotic stress.  
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In Carrizo citrange, mutation of the gene P5CS (Δ1-pyrroline-5-carboxylate 

synthetase) has been shown to affect proline synthesis, generating plants tolerant 

to water deficiency (Molinari et al., 2004). In other citrus species, overexpression of 

the yeast gene HAL2 in Carrizo citrange and the rough lemon (Citrus jambhiri Lush) 

was shown to confer higher tolerance to saline stress (Cervera et al., 2000; Ali et al., 

2012), while similar findings were observed for overexpression of betaine aldehyde 

dehydrogenase from Atriplex hortensis (AhBADH) in trifoliate orange (Fu et al., 

2011); for the BjGlyI and PgGlyII genes that code for glyoxylases in Carrizo citrange 

(Álvarez et al., 2015a); and for arabidopsis CBF3 in Citrus macrophylla (Álvarez et 

al., 2015b) in regards to saline stress tolerance.  

Genetic improvement in Citrus 

New varieties of citrus have been developed through conventional 

improvement over the last several centuries. However, there are only few examples 

of successful varieties and rootstocks (Khan and Khender, 2007). Characteristics 

such as sterility of the ovule and pollen, mechanisms of self-incompatibility, 

polyembryony, high heterozygosity, and long periods of juvenility have complicated 

genetic improvement of this species through conventional crosses (Gmitter et al., 

1992).  Therefore, biotechnological tools have emerged as a promising complement 

to genetic improvement in citrus. One such biotechnological tool is in vitro culture. 

Several regeneration methods have been developed based on the culture of apical 

buds, nodal sections, epicotyls, and freshly germinated seeds (Bordón et al., 2000). 

The development of transgenic, intragenic, or cisgenic citrus plants is currently an 

interesting option, because these technologies offer several distinct advantages 
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such as increasing the agronomic value of cultivated plants, allowing use of tissues 

and plant cells in bioreactors for the production of proteins and metabolites of 

economic importance, and generating basic knowledge related to the action of genes 

during development or other biological processes in plants (Dale, 1995). 

The success of biotechnological tools in agriculture is reflected by the 

significant increase in cultivation of transgenic crop plants of great agroeconomic 

importance such as soybean, cotton, rice, corn, and canola (Birch, 1997; 

Mohammad et al., 2017) across the world.  

 The genetic transformation of citrus plants began more than two decades ago. 

In 1992, Moore reported for the first time the integration of transgenes in Carrizo 

citrange with Agrobacterium, using segments of hypocotyls as explants. Most recent 

protocols for the transformation of various citrus species such as Carrizo citrange 

(Cervera et al., 1998), sour orange (Ghorbel et al., 2000), Carrizo macrophylla, 

Citrus lemon (lemon) and Cleopatra mandarin (Ghorbel et al., 2001), have been 

generated using internodal segments of juvenile greenhouse plants as explants. To 

date, various citrus rootstocks have been transformed with the aim of shortening 

juvenility by expressing floral induction genes such as Leafy and Apetala1 (Peña et 

al., 2001), gene stacking analysis, or gene pyramiding (Cervera et al., 2009). 

Strategies employed to increase abiotic stress tolerance in citrus plants 

include mutation of the P5CS gene in Carrizo citrange (Molinari, 2004); 

transformation of trifoliate orange with the gene coding for betaine aldehyde 

dehydrogenase from Atriplex hortensis (AhBADH) (Fu, 2011); expression of the 
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yeast HAL2 gene in Carrizo citrange (Cervera et al., 2000) and rough lemon (Citrus 

jambhiri Lush) (Cervera et al., 2000; Ali, 2012); expression of AtHXK (gene that 

encodes the enzyme hexokinase which phosphorylates glucose and fructose) in cell 

stores, which decreased stomatal conductance and transpiration without negatively 

effecting photosynthesis rate while increasing the WUE (Lugassi et al., 2015); 

expression of arabidopsis glyoxylases in roots of Carrizo citrange for salt stress 

tolerance (Álvarez et al., 2015a); and expression of Arabidopsis CBF3/DREB1A in 

Citrus macrophylla in response to salt stress (Álvarez et al., 2015b).  

All the reports mentioned above focused on rootstocks, which are naturally 

more robust and stress tolerant than citrus varieties. In field conditions, the grafted 

aerial portion provides the leaves and conductive tissue, the main organ of the plant 

responsible water loss. Expanding the characterization of citrus varieties in response 

to hydric and saline stress is particularly timely when considering the 2ºC increase 

in average soil temperature that is expected in the next 50 years (Schewe et al., 

2014). Optimizing the use and availability of water in water intensive plants such of 

citrus is of utmost importance.  The goal of this thesis was to generate transgenic or 

intragenic varieties of Citrus aurantifolia (lemon) and Citrus sinensis (orange 

valence) expressing the transcription factors CBF3 of A. thaliana and MYB61 of C. 

sinensis, respectively, and to evaluate at the physiological and molecular level the 

response of these lines to water deficit and saline stress. 

This thesis was implemented in consideration of the following context:  

- Water deficit and saline stress are growing problems in Chile and globally.  

- Citrus trees are highly sensitive to stress 
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- Citriculture is projected to have great economic potential for the country. 

- Methodologies for the genetic transformation of citrus have been developed and 

could be applied to increase water deficit and saline stress tolerance in this species.  

 

This background allowed us to propose the following hypothesis: 

 
Constitutive or temporal expression of the transcription factors CBF3 or 

MYB61 in commercial varieties of citrus confers greater tolerance to water deficit 

and saline stress.  

To answer this hypothesis, the following general and specific goals were 

proposed:  

Main Goal 

To generate citrus and arabidopsis plants that overexpress the transcription factors 

AtCBF3 and CsMYB61 with the aim of conferring improved tolerance to water and 

saline stress 

Specifics goals:  

1.  Identify, clone, and sequence the Citrus sinensis MYB61 homologous gene 

and the promoter of the Citrus sinensis MYB15 gene. 

 

2. Analyze at the molecular level the integration and expression of the AtCBF3 

and CsMYB61 genes in A. thaliana and Citrus varieties. 

 

3. Phenotypically characterize transgenic lines of Citrus and Arabidopsis plants 

expressing AtCBF3 and CsMYB61 and evaluate their tolerance to water and 

saline stress under controlled conditions. 
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The results of these goals are presented in the form of scientific manuscripts 

submitted or accepted for publication. Specific goal 1 is presented in chapter 3 with 

the article "Stomata regulation by tissue-specific expression of the Citrus sinensis 

MYB61 transcription factor improves water-use efficiency in Arabidopsis". This article 

was accepted to the Journal Plant Physiology and Biochemistry. Specific goals 2 and 

3 are presented in chapters 2 and 3, respectively, with the publication “Increased 

drought and salinity tolerance in Citrus aurantifolia (Mexican lemon) plants 

overexpressing Arabidopsis CBF3 gene”submitted to the Journal Molecular Breeding. 
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Abstract 

Citrus are a globally important fruit crop. Abiotic stressors such as drought and 

salinity adversely affect citrus plant growth, production, and survival. With the aim of 

improving drought tolerance in citrus plants, we constructed transgenic lines of Citrus 

aurantifolia overexpressing the Arabidopsis transcription factor CBF3. All transgenic 

lines grew comparably to wild type plants. Molecular and quantitative real-time 

analyses showed high expression of CBF3 in three selected transgenic lines. During 

a 15 days treatment of water deficit by cessation of irrigation, the transgenic lines 

showed lower stomatal conductance and transpiration paired with photosynthesis 

greater than or equal to WT plants, which translated into more efficient water use. 

The genes SIP1 and GOLS showed similar or greater expression in one of the 

transgenic lines with respect to control plants. Moreover, transgenic lines were more 

tolerant to saline stress and presented a greener phenotype with increased 

chlorophyll content in leaf discs compared to WT plants, indicating lower electrical 

conductivity in solution. Additionally, all transgenic lines exhibited significantly less 

accumulation of reactive oxygen species than WT plants. Together, these results 

demonstrate the potential for heterologous expression of the CBF3 gene to mediate 

tolerance to hydric and saline stress in citrus plants.   

 

Keywords: Drought tolerance; Abiotic stress; Transgenics Citrus; CBF3 

transcription factor 
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1. Introduction 

 Citrus fruits are the most important persistent leaf fruit in tropical and 

subtropical regions of the world and are cultivated in more than one hundred 

countries (Zhang et al. 2014). These fruits provide various nutrients such as 

vitamins, fiber, calcium, potassium, and folic acid which yield important health 

benefits (Jia et al. 2017). Citrus face biotic and abiotic challenges including water 

deficiency and high salinity, which affect development and production and limit the 

distribution of this species. The physiological response of citrus to drought events 

includes decreased leaf area, increased root length, and limited photosynthetic rate 

(Amin et al. 2016). Effects on photosynthesis may be direct: reduced CO2 diffusion 

through the stomata and mesophyll paired with alterations in photosynthetic 

metabolism and activity of enzymes involved in the Calvin cycle; or indirect: damage 

to the photosynthetic apparatus caused by oxidative stress (Dodd and Ryan 2016). 

Biochemical and morphological strategies that protect cells from damage and 

dehydration have also been described (Dodd and Ryan 2016). One of these 

mechanisms is osmotic adjustment, the process by which the concentration of 

solutes increases in the cell in order to decrease the water potential and maintain 

the turgor of the cell (Taiz and Zeiger 2010; Dodd and Ryan 2016). 

Several studies have shown that drought tolerance is related to regulation of 

gene expression, accumulation of metabolites, or modification of key proteins under 

a reduced water potential (Amin et al. 2016). Moreover, water stress induces the 

synthesis of abscisic acid (ABA), which triggers stomatal closure by inducing the 

expression of transcription factors such as MYB44 and MYB15 (Jung et al. 2008; 
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Cominelli et al. 2010). In several plants, overexpression of CBF3 regulates the 

expression of genes sensitive to stress from drought, cold, and salinity (Yamaguchi-

Shinozaki and Shinozaki 1994).  

Citrus trees are characterized by high water demand and acute sensitivity to 

salinity. Several studies have reported increased stress tolerance in transgenic lines 

of citrus species, including the expression of betaine aldehyde dehydrogenase from 

Atriplex hortensis in trifoliate orange (Fu et al. 2011), the expression of yeast HAL2 

in Carrizo citrange (Cervera et al. 2000; Ali et al. 2012), the expression of the 

glyoxylases genes BjGlyI and PgGlyII in Carrizo citrange (Álvarez-Gerding et al. 

2015a), and the expression of CBF3 from Arabidopsis in Citrus macrophylla 

(Álvarez-Gerding et al. 2015b). These studies, however, focused on rootstocks and 

not on commercial varieties. In the field, commercial varieties are grafted onto 

rootstock, with the commercial varieties providing the conductive tissue in the leaves. 

Importantly, this tissue is the main organ of the plant responsible for water loss 

through the stomata. Expanding the characterization of citrus varieties in response 

to hydric and saline stress is particularly timely when considering the 2ºC increase 

in average soil temperature that is expected in the next 50 years (Schewe et al. 

2014). 

In this work, we report the physiological and molecular response of Citrus 

aurantifolia (mexican lemon) overexpressing the Arabidopsis thaliana transcription 

factor CBF3, resulting in transgenic lines with increased drought and salinity 

tolerance in greenhouse conditions. This work demonstrates the potential for 
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heterologous expression of CBF3 to mediate tolerance to hydric and saline stress in 

a commercial variety of citrus.  
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2. Materials and methods 

2.1 Plant material.  

Citrus aurantifolia seeds were soaked in a fungicide solution of 1% Captan (1 g/L) in 

a shaker at 30ºC for 12h. Seeds were then surface sterilized with a solution of 1% 

NaClO for 10 min and rinsed four times with sterile distilled water to remove the seed 

coat. Seeds were germinated in MT medium with 0.7% agar (w/v). To prevent 

contamination, 2 ml/L Plant Preservative Mixture (PPM, Plant Cell Technology, 

Washington, USA) was added without sucrose. Groups of fifteen seeds were then 

sown and placed in a dark germination chamber at 29ºC ± 2ºC for 3-4 weeks to 

promote the formation of etiolated epicotyls.  

2.2 Citrus aurantifolia transformation and plant regeneration.  

The previously described pMDC84-CBF3 constructs (Alvarez-Gerding et al. 2015a) 

were used to generate stable transgenic C. aurantifolia lines. The strain EHA105 of 

A. tumefaciens carrying pMDC84-CBF3 was used to perform genetic transformation. 

Epicotyl segments were transformed as previously described by Cervera et al. 

(1998). Subsequently, epicotyls were placed in selection medium with hygromycin 

at a concentration of 4 mg/L. After three weeks in darkness, explants were 

transferred to a growth chamber at 23ºC± 2ºC with a 16 h light photoperiod and sub-

cultured every two weeks in medium supplemented with hygromycin for selection of 

transgenic shoots. After three weeks of subculture, shoots were observed at the 

ends of the explants and individualized in root induction medium  (MT medium 

supplemented with naphthalene acetic acid (NAA) 1 mgL
-1

) when they reached 2-3 
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cm. Finally, the rooted shoots were acclimatized in hermetic transparent pots 

containing 50% perlite and 50% peat moss in a greenhouse and individualized when 

they reached an approximate size of 15 cm. The clonal propagation of the lines was 

performed after 20 weeks of growth by selecting axillary buds and submerging them 

in NAA 25 mg L
-1 followed by placement in pots with substrates for the drought 

experiments. 

2.3. Molecular characterization of transformed plants 

The lines rooted in hermetic transparent pots with resistance to hygromycin were 

screened by PCR analysis with the primers 35SPROM 5ʹ- 

GACGTAAGGGATGACGCACAAT-3ʹ and CBF300-Rev 5ʹ- 

ATAACTCCATAACGATACGTC- 3ʹ to yield an expected amplification product of 675 

bp using genomic DNA isolated from citrus leaves from WT and transgenic lines as 

template (Alvarez-Gerding et al. 2015a).  

2.4. Quantitative Gene Expression 

The quantification of CBF3 expression in transgenic lines was evaluated by qRT-

PCR. RNA extraction and cDNA synthesis were performed as described previously 

(Cañon et al. 2013). Primers qCBF3-Fwd 5ʹ-CTAATATGGCAGAAGGGATGC-3ʹ 

and qCBF3-Rev 5ʹ- AACTCCATAACGATACGTCGTC-3ʹ were used to analyze the 

expression of CBF3 with an expected amplification product of 99 bp. In the same 

way, the expression of the following four genes related to the abiotic stress response 

in citrus were evaluated by qRT-PCR. These genes are Cold-Response (COR15-
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Fwd: 5ʹ–TTGGGGTGTCTACTCAAGGTG-3ʹ and COR15-Rev: 5ʹ–

TTCACATTGACAAAAGGCAAA-3ʹ), P5CS1 (P5CS1-Fwd: 5ʹ–

ACGATGTGCGTGCTGCTA-3ʹ and P5CS1-Rev: 5ʹ–GCACCAAGTCCAAATCGTG-

3ʹ), raffinose synthase (SIP1-Fwd: 5ʹ–GGAGTGAAGGGAAGTGGTGA-3ʹ and SIP1-

Rev: 5ʹ ATAGCAACCATGTGGCCTTC -3ʹ), and galactinol synthase (GOLS-Fwd: 

GCGAGAAAACATGGAGCAA and GOLS-Rev: GAGATGCTGGGCTCAAACA; the 

expected amplification products for these genes were 118, 176, 110 and 145pb 

respectively. Tubuline was used as a housekeeping gene to normalize gene 

expression. Stratagene model Mx3000P and the SensimixTM SYBR®-Green kit 

were used for all qRT-PCR analysis.  

Relative transcript abundance was calculated considering the efficiency of the PCR 

reaction measuring the fluorescence of SYBR Green Master Reagent Kit (Agilent 

Technologies, Santa Clara, USA) for less than 40 cycles with three independent 

biological replicates and two technical replicates.  
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Relative transcript abundance was calculated using the GED method (Gene 

Expression’s Ct Difference, ∆Ct and ∆∆Ct methods). Negative controls (RT- and no-
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template) were incorporated in all qPCR assays. Melting curves were analyzed on 

each real time RT-PCR reaction to corroborate single PCR product. 

 

2.5. Stomatal density 

Stomatal density was measured using the abaxial side of mature leaves from 3-4 

months olds plants. Briefly, impressions were prepared from both sides of the central 

vein by the application of a dental silicon layer. Once the silicon had dried, 

impressions were covered with transparent nail polish. This film was then carefully 

placed on microscope slides and covered with coverslips. Stomata number per 0.25 

mm
2 surface was recorded using a digital camera attached to a binocular 

microscope (SMZ800, Nikon Corp., Tokyo, Japan).  

2.6 Stomatal conductance 

Stomatal conductance (gs) was determined in fully expanded leaves using a steady 

state porometer (Leaf Porometer, Decagon Divices, Pullman, WA, USA) by 

measuring vapor concentration at two different points in the diffusion path. Four 

leaves per plant and per treatment were analyzed. Measurements were taken over 

a 30s period and reported in mmol m
-2

s
-1 according to the manufacturer. All 

physiological parameters were recorded between 09:00 and 11:00 a.m. with a 

temperature of 20°C and approximately 80% relative humidity in greenhouse. 

2.7. Analysis of transgenic plants in drought conditions 

To evaluate the drought tolerance, five-month-old transgenic lines of mexican lemon 
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and untransformed wildtype (WT) plants were transferred to 2L pots containing 

substrate mix of peat and perlite (1:1). Drought conditions were simulated in six-

month-old plants by withholding irrigation for 5, 10, or 15 days. The control treatment 

(0 d) included well-watered plants, which received 80% field capacity irrigation. Plant 

survival rates were recorded one week after rewatering. To compare the water loss 

rates of WT and CBF3 transgenic lines, the relative water content was determined 

at 0, 10, and 15 days of treatment by genotype. A foliole was taken from each plant 

and its fresh weight (FP) was recorded using an analytical balance. The leaves were 

then left floating in a petri dish with distilled water for 4 hours at 22°C in a growth 

chamber and subsequently re-weighed on the analytical balance to obtain their 

weight in turgor (PT). Finally, the leaves were completely dehydrated in an oven at 

80 °C for 48 hours, after which their dry weight (PS) was obtained. The RWC was 

calculated according to the following equation: 

𝑅𝑊𝐶 % =
𝑃𝐹 − 𝑃𝑆
𝑃𝑇 − 𝑃𝑆 ∙ 100 

Gas exchange was also evaluated at the beginning and at the end of the water stress 

treatment (days 0, 10, or 15) through the use of the photosynthesis system (IRGA 

LI-6400XT of LI-COR, Lincoln, Nebraska, United States). Gas exchange parameters 

were determined in vivo in fully expanded leaves. Five measurements were made 

per plant with 5 plants per genotype. A PAR light source of 100 μmol m-2s-1 was 

used. Temperature (20ºC±2ºC), relative humidity (70-80%), and CO2 concentration 

were controlled in the growth chamber. External CO2 was applied to obtain a 

concentration of 400 μmol mol-1 (ppm), with a flow of 300 ml min-1. Net assimilation 



 57 

rate of carbon (A, μmol CO2 m-2s-1), stomatal conductance to water vapor (stomatic 

conductance, mol H2O m-2s-1), transpiration rate (E, mmol H2O m-2s-1), and 

instantaneous water use efficiency (WUE, calculated as A/E, mmol CO2 / mol H2O) 

were measured. Additionally, a fully-expanded fourth leaf was harvested following  

0, 10, or 15 days of drought exposure, frozen immediately in liquid N2, and stored at 

80°C. At each harvest, three replicates of each mexican lemon line were taken with 

five plants in each experimental group. The expression of different genes was 

evalulated using qRT-PCR. 

2.8 Leaf senescence and chlorophyll content 

Fully expanded leaves were extracted from transgenic lines and WT plants of the 

same age three months after the transfer to substrate and washed briefly with 

deionized water. Three 1 cm diameter leaf discs obtained from three different plants 

of each line were suspended in 3 ml of sodium chloride (NaCl) in a concentration of 

100 mM (> 30 mScm-1) or in sterile deionized water as the control treatment for 24 

hours (Singla-Pareek et al. 2008). Chlorophyll content was determined with dimethyl 

sulfoxide (DMSO) following the technique described by Hiscox and Israelstam 

(1979). This analysis was performed with the three leaf discs used in the foliar 

senescence analysis described above. Following placement in 100 mM NaCl (area 

each 1 cm2 disc, 25 mg of total fresh weight) for 24 hours, leaf discs were incubated 

in 7 ml of DMSO for 30 min at 65oC in a water bath. Subsequently, 1 ml of extract 

was transferred to a disposable polyethylene cuvette and absorbance was 

measured at 645 and 663 nm in a spectrophotometer previously calibrated with pure 

DMSO. Total chlorophyll content was calculated and the result was expressed as 
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mg/ml/gFW using the follow equation and converted to mg/cm2 per leaf area:  

𝐶ℎ𝑙 𝐴 + 𝐵 = 0.0202 ∙ 𝐴XYZ + 0.00802 ∙ 𝐴XX\	

2.9 Histochemical detection of H2O2 and electrical conductivity 

Discs from full leaves of transgenic lines and WT plants of comparable age and size 

were suspended in 7 ml of 100 mM NaCl for 24 hours to stimulate oxidative burst, 

resulting in the generation of reactive oxygen species and liberation of solutes to the 

environment upon deterioration of the cell wall. Sterile deionized water was used as 

an experimental control. To determine the concentration of H2O2, leaf discs were 

transferred to an aqueous solution containing 1 mgml-1 3,3'-diaminobenzidine (DAB) 

-HCl (Sigma-Aldrich Co. St. Louise, MO, USA) with pH 3.8 and incubated for 6 hours 

in the dark at room temperature (Eherenfel et al. 2005; Thordal-Christensen et al. 

1997). Chlorophyll was subsequently removed from the foliar samples using 80% 

ethanol at 60oC (Carvalho et al. 2008). The images were captured using a digital 

camera attached to a Binocular Magnifier SMZ800 (Nikon Corp., Tokyo, Japan). 

Electrical conductivity (μmho) of the suspension generated from treatment of the leaf 

disks with 100 mM NaCl was determined using the HM Digital COM-100 

EC/TDS/TEMP meter (HM Digital, Redondo Beach CA, USA) previously calibrated 

with sterile distilled water.  

2.10 Statistical analyses  

Data were analyzed using a single factor ANOVA to determine a significant 

difference from at least one pair of samples, while the Student’s t-test (p≤0.05) was 
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used for pairwise comparison of samples. The F-test for two samples was conducted 

to test for equal variance. If the test was accepted, a t-test for two samples assuming 

equal variance was used; otherwise a t-test for two samples assuming unequal 

variance was used. 
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3. Results 

We sought to clone and overexpress Arabidopsis transcription factor CBF3 in 

the mexican lemon to improve drought and salinity tolerance in a commercial variety 

of citrus. Transgenic lines were selected for physiological evaluation based on 

expression level of CBF3. Three transgenic lines showed significant differences in 

CBF3 expression compared to WT plants (Figure 1). No phenotypic differences were 

observed between the transgenic lines and WT plants. Specifically, none of the 

CBF3 transgenic lines exhibited significant differences in stomatal density (Figure 

2a) or stomatal conductance under normal growth conditions (Figure 2b). To assess 

drought tolerance in the transgenic citrus lines, irrigation was withheld for 15 days. 

Five six-month-old plants of each transgenic line were grown in 1 L pots under 

greenhouse conditions. Relative water content (RWC) was evaluated over time. Two 

of the three transgenic lines presented a higher RWC compared to WT plants at 10 

days.  This difference persisted through day 15, with the exception of one transgenic 

line which showed significantly lower RWC than WT plants (6.65% versus 15%, 

Table 1).  

Stomatal conductance was measured before the treatment and at days 10 

and 15 post-treatment. Stomatal conductance was significantly lower in the three 

transgenic lines compared to WT plants at 10 and 15 days (Figure 3a). In addition, 

the transgenic lines presented similar transpiration rates than the WT plant at day 

10 post-treatment. At day 15, however, all the transgenic lines exhibited lower 

transpiration rates than WT plants (Figure 3b). Likewise, the rate of photosynthetic 

assimilation of carbon was similar in transgenic lines at day 10 and 15 compared to 
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WT plants, except for one of these plants that showed significantly lower rates at 

both times compared to WT plants (Figure 3c). Finally, water use efficiency was 

found to be significantly higher in all three transgenic lines compared to WT plants 

at day 15 post-treatment.  

In order to understand the physiological and molecular mechanisms 

mitigating increased drought tolerance, the expression of the marker genes P5CS1, 

COR15, GOLS, and SIP1 were evaluated (Figure 4). These genes have been 

reported as targets of CBF3 in various species. Differences in the level of expression 

were found in the expression of all four target genes evaluated in transgenic with 

respect to WT plants. All the marker genes are upregulated in the LM14 line, while 

the other lines shown different pattern, even some of them are downregulated in the 

transgenic lines LM2. (Figure 4).  

Overexpression of CBF3 is known to confer stress tolerance in other plants. In 

order to evaluate if CBF3 overexpression in mexican lemon similarly improves 

salinity tolerance, an in vitro assay was designed and implemented. Several 1 cm 

discs were extracted from fully expanded leaves of each transgenic plant and treated 

with 100mM NaCl for 24 hours. At the end of the treatment, total chlorophyll and 

production of reactive oxygen species (ROS) were quantified (Figure 5 and 6). Lower 

foliar senescence was observed in the three transgenic lines compared to the WT 

plants (Figure 5a), which correlated with a higher chlorophyll content in the leaf discs 

(Figure 6a).  Likewise, transgenic lines yielded lower concentrations of ROS (Figure 

5b), which correlated with lower electrical conductivity (Figure 6b). Taken together, 
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these results demonstrate that overexpression of CBF3 in the mexican lemon 

confers tolerance to drought and salinity stress. 

  



 63 

4. Discussion 

Drought and salinity are two of the most critical abiotic conditions that limit the 

productivity of fruit trees, especially in species with high water demand such as the 

citrus. Productive citrus plants consume an estimated 100 liters of water/day/tree in 

the sixth year of growth, placing them among the most water demanding fruit trees 

(Shalhevet 1990). The physiological and molecular response of citrus plants to 

drought conditions (Balfagón et al. 2018) and salinity (Gueta-Dahan 1997; Avsian-

Kretchmer et al. 2004; Lopez-Climent et al. 2008) has been reported. However, all 

previous work on citrus plants has focused exclusively on rootstocks (Cervera et al. 

2000; Molinari et al. 2004; Fu et al. 2011; Ali et al. 2012; Alvarez-Gerding et al. 

2015a; Álvarez-Gerding et al. 2015b; Balfagón et al. 2018). In this work, a 

commercial variety of lemon (Citrus aurantifolia) was genetically modified with the 

aim of generating a drought and salinity tolerant plant through overexpression of the 

Arabidopsis transcription factor CBF3. Three transgenic lines of mexican lemon were 

selected for physiological and molecular analysis, with all of them showing significant 

differences in CBF3 expression compared to WT plants (Figure 1). Under normal 

irrigation conditions, transgenic plants were similar to WT plants in regards to the 

number of stomas and stomatal conductance (Figure 2). These three lines were 

further evaluated for drought and salinity tolerance. Drought tolerance was 

established using a 15-day irrigation cessation test according to the protocol 

described for Arabidopsis (Rizhsky et al. 2004), tomato (Govind et al. 2013) and rice 

(Xu et al. 2011).  

Transgenic plants showed higher RWC after drought treatment compared to WT 

plants. RWC is a parameter routinely used to determine the water status of plants 
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following water stress experiments (Lenka et al. 2018). Previous reports characterize 

a RWC value of 6% as slight stress (Hsiao 1973) similar to that generated in line 

LM2. In contrast, WT plants at day 15 presented higher stress which may be 

explained by reduced their capacity to retain water. In this same drought treatment, 

stomatal conductance and transpiration were lower in transgenic plants at day 10 

and especially at day 15 compared to WT plants (Figure 3a and 3b). Our results are 

similar to those reported in tomato (Govind et al. 2013) and rice (Xu et al. 2011), in 

which the expression of CBF3 or its homologous gene conferred increased tolerance 

to abiotic stressors. 

Although CBF3 has been described as a transcription factor that acts through an 

ABA-independent pathway (Thomashow et al. 2001), the low stomatal conductance 

observed under drought treatment suggests indirect participation of CBF3 in the 

regulation of stomatal closure. Recently, numerous genes that participate in the 

regulation of the opening and closing of stomata have been described in Arabidopsis 

(Takahashi et al. 2013; He et al. 2017), demonstrating a complex molecular 

mechanism of control. Many of the genes that control stomatal closure belong to 

large families such as NAC, AP2/ERF, MYB, bZIP, MYC, WRKY, and Cys2His2 zinc-

finger (Nakashima et al. 2012; Mizoi et al. 2012; He et al. 2017), some of which may 

be target genes of CBF3. 

In general, the transgenic lines yielded similar physiological responses 

characterized by decreased net photosynthesis, stomatal conductance, and 

transpiration paired with increased water use efficiency (Figure 3; Table 1). Under 

stress conditions that restrict CO2 fixation, the rate of reducing power production is 
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greater than the rate of its use by the Calvin cycle. This mechanism protects against 

excess reducing power, an important strategy under water and salinity stress 

conditions (Chaves et al. 2009), suggesting that mexican lemon overexpressing 

CBF3 shown physiological performance improving their yield under drought.  

Genes related to abiotic stress were significantly induced in transgenic lines 

(Figure 4). Several studies have reported that increased expression of the genes 

COR15A and LEA4/5 is related to the drought response in citrus (Sanchez-Ballesta 

et al. 2004; Gimeno et al. 2009). Moreover, expression of P5CS1 and GOLS, genes 

associated with compatible osmolytes, has been shown to increase in high salinity 

conditions (Alvarez-Gerding et al. 2015a). SIP1 and GOLS act on biosynthesis of 

raffinose, one the most important osmolytes that accumulates in plants subjected to 

drought and salinity conditions (Silva-Ortega et al. 2008). 

While expression of SIP 1and GOLS was higher in transgenic lines LM14, 

suggesting that CBF3 may induce the concentration of raffinose under abiotic stress. 

Experiments performed by Molinari et al. (2004) demonstrated significant 

accumulation of proline, another osmolyte, in the leaves of the citrus rootstock 

Carrizo citrange under abiotic stress.  

We additionally evaluated oxidative damage induced by drought and salinity 

using a leaf disc incubation experiment in transgenic and WT lines. Sodium chloride 

100 mM deteriorated WT lines, with the discs exhibiting discoloration characteristic 

of reduced chlorophyll a+b concentration (Figure 5 and 6). This finding is consistent 

with results obtained in transgenic tobacco plants under high drought and salt 
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treatments overexpressing GmDREB3, in which visual loss of chlorophyll in leaf 

discs and decreased chlorophyll concentration, were observed (Chen et al., 2009). 

These results confirm a protective relationship between overexpression of CBF3 and 

drought and salinity tolerance in leaves. In the absence of CBF3, these abiotic 

conditions induce ionic and osmotic stress, generating ROS such as H2O2 that yield 

oxidative damage (Singla-Pareek et al., 2008; Alvarez-Viveros et al., 2013). In our 

study, we evaluated the induction of H2O2 during a 24 hour incubation with 100 mM 

of sodium chloride, and demonstrated that WT discs exhibited dark brown coloration 

compared to translucent light brown transgenic lines (Figure 5 and 6). This evidence 

suggests that CBF3 may confer protective effects in regards to ROS generation in 

plants subject to drought and salinity stress (Kasugga et al., 1999).   

In conclusion, our work indicates that overexpression of the transcription factor 

CBF3 in mexican lemon, a commercial citrus variety, confers increased drought and 

salinity tolerance, a finding which may support the cultivation of commercial citrus in 

extreme environments.  
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Figure Legends 
 
Figure 1. Molecular analysis of the C. aurantifolia lines transformed with CBF3. 
Expression analysis of CBF3 by qRT-PCR ∆Ct method in lines LM2, LM7, LM14, 

and WT. Bars represent mean of three plants ± SD.  

Figure 2. Analysis of stomatal density and stomatal conductance in lines of 
mexican lemon overexpressing CBF3 a) Stomatal density of leaves in transgenic 

C. aurantifolia lines transformed with CBF3 (LM2, LM7 and LM14) and 

untransformed plants (WT) under control conditions. b) Stomatal conductance of C. 

aurantifolia WT and transgenic lines LM2, LM7 and LM14. Bars represent means of 

five plants ± SD.  The Tukey test was used to determine significant differences 

(p≤0.05) (n=4). 

Figure 3. Evaluation of ecophysiological parameters of transgenic lines of C. 
aurantifolia subjected to irrigation cessation. Gas exchange parameters were 

evaluated in plants subjected to water stress at the beginning (day 0) and end (day 

15) of treatment using a system of photosynthesis (IRGA). (a) Stomatal 

conductance, (b) Net photosynthesis, (c) Transpiration, (d) Water use efficiency. The 

average ± standard deviation of 5 plants per genotype (n = 5) are shown. Asterisks 

indicate significant differences with respect to the WT plant on the same day (Two-

way ANDEVA and Bonferroni test; * P≤0,05 and ** P≤0,01).  

 
Figure 4. Relative expression analysis of putative CBF3 target genes in 
response to drought. Transcript abundance was normalized using the 

housekeeping gene Tubulin. WT and transgenic C. aurantifolia LM2, LM7 and LM14 

lines were subjected to 15 days of irrigation cessation. The genes COR47 (cold- 

regulated), P5CS (D1-pyrroline-5-carboxylate synthase), GOLS (galactinol 

synthase), and SIP1 (raffinose synthase) were analyzed using ∆∆Ct method. 

 

Figure 5. Phenotypic analysis of disc leaves of transgenic plants under salinity 
stress (a). Chlorophyll content (B). Histochemical detection of reactive oxygen 

species (H2O2) in WT and transgenic plants subjected to saline treatment (100 mM 
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NaCl) for 24 hours.  

Figure 6. Biochemical evaluation of tolerance to salinity in mexican lemon 
overexpressing CBF3. (A) Content of chlorophyll a+b (mg cm-2) and (B) electrical 

conductivity in transgenic lines and WT plants under saline treatment. (*) indicates 

significant differences between the lines (p≤0.05). 
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Table 1. Relative water content (RWC) in lines of mexican lemon overexpressing 

CBF3 and control plants under water deficit. RWC was analyzed at 0, 10, and 15 

days of irrigation cessation.   

 

Average RWC (%) 

Line day 0 

Day 
10 Decrease 

Day 
15 Decrease 

WT 98,18 89,62 9,56 83,15 15,03 

LM2 98,45 94,20 *4,25 91,80 *6,65 

LM7 98,49 92,63 5,86 90,37 8,12 

LM14 97,99 94,32 *3,67 88,44 9,55 

* Indicates significant differences with respect to WT (p<0,05) 
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Abstract 

Water-use efficiency (WUE) is a quantitative measurement of biomass produced per 

volume of water transpired by a plant. WUE is an important physiological trait for 

drought response to mitigate the water deficiency. In this work, a cisgenic 

construction from Citrus sinensis was developed and its function in the improvement 

of WUE was evaluated in Arabidopsis. Sequences of the CsMYB61 coding region, 

a transcription factor implicated in the closure of stomata, together with a putative 

stomata-specific promoter from CsMYB15, were identified and cloned. The protein 

encoded in the CsMYB61 locus harbors domains and motifs characteristic of MYB61 

proteins. In addition, a 1.2 kb promoter region of the gene CsMYB15 (pCsMYB15) 

containing regulatory elements for expression in guard cells and in response to 

Abscisic Acid (ABA) and light was isolated. In Arabidopsis, pCsMYB15 directs the 

expression of the reporter gene GUS in stomata in the presence of light. In addition, 

transgenic lines expressing the CsMYB61 coding region under transcriptional control 

of pCsMYB15 have a normal phenotype under in vitro and greenhouse conditions. 

These transgenic lines exhibited a smaller opening of the stomata pore, lower 

stomatal conductance and respiration rate, enhanced sensitivity to exogenous ABA, 

and high drought stress tolerance. Our results indicate that stomata-specific 

expression of CsMYB61 enhances water use efficiency under drought conditions in 

Arabidospis. 
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1. Introduction 

 Regulation of the opening and closing of stomata is a key physiological 

function for the proper development and survival of plants (Taiz and Zeiger, 2002). 

Water use efficiency (WUE), which relates biomass generation to water use (Tardieu 

et al., 2018), is a common metric of plant performance under drought stress. 

Advances in biotechnological tools have generated plants that consume less water 

and perform superiorly under water deficit conditions. The use of such engineered 

plants promises agricultural benefits through reduced water demand and offers the 

potential for establishment of crops in less exploited arid zones (Cominelli et al. 

2010a; Cominelli et al. 2010b). Citruses are one of the most important fruit crops in 

tropical and subtropical regions, but citrus producing areas are frequently subject to 

water deficiency, affecting both vegetative and reproductive processes (Vu et al., 

1988). Considering that water scarcity will likely increase as a product of global 

climate change, drought tolerance is a desirable characteristic for citrus sustainability 

and/or expansion. Among plant strategies for drought stress tolerance, higher 

regulation of stomata could be a good physiological strategy (Blatt et al., 2017) 

 Transcription factors that participate in the control of stomatal movements 

have been identified and characterized. The MYB transcription factors represent one 

of the largest families in plants and share the MYB DNA binding domain. In 

Arabidopsis, four transcription factors of the R2R3-MYB family that are involved in 

the modulation of stomatal movements have been characterized: AtMYB15, 

AtMYB44, AtMYB61, and AtMYB60 (Cominelli et al. 2005; Liang et al., 2005; Jung 

et al., 2008; Ding et al., 2009; Galbiati et al., 2011). The first three play a role in 
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stomatal closure, while MYB60 participates in stomatal opening. Previous studies in 

our laboratory contributed to characterization of the MYB60 gene in Vitis vinifera 

where its participation in stomatal opening was demonstrated (Galbiati et al., 2011). 

In contrast, AtMYB61 is expressed specifically in the guard cells where it acts as a 

transcriptional regulator of stomatal closure, having a role in the regulation of stoma 

pore size through an ABA-independent pathway and in the light-to-dark transition 

(Liang et al., 2005). Thermography analysis revealed that 35S:MYB61 plants were 

approximately 0.5°C warmer than WT plants, whereas myb61 mutant plants were 

approximately 0.5°C cooler than WT plants. This suggests that MYB61 alone is 

necessary and sufficient for the partial closure of stomata (Liang et al., 2005). 

 Transcription factors that participate in the regulation of stomatal opening and 

closing in the citrus genus have not yet been described. Identifying citrus MYB61 

homologs is relevant to developing genetic tools for WUE improvement in these 

water intensive fruit crops. In this work, the coding sequence of MYB61 and 1.2 kb 

of the putative promoter of the MYB15 – a light- and ABA- inducible gene – from 

Citrus sinensis was identified and cloned. A cisgenic construction using both 

sequences was developed and its role in WUE improvement and drought tolerance 

was evaluated in Arabidopsis plants.   
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2. Materials and methods 

2.1 Plant material  

Arabidopsis thaliana (Col-0) were grown under long day conditions (16 h light /8 h 

dark cycle and 70-80 µmol m-2 s-1) on Petri dishes containing 0.5X MS salts, 1% w/v 

sucrose and 0.7% agar. Fourteen day-old Arabidopsis plants were transferred to 

pots with sterile substrate (peat:vermiculite 2:1) and irrigated regularly with tap water 

supplemented with B5 mineral nutrients.  

2.2 Cloning of genomic sequences of pCsMYB15 and CsMYB61 

The genomic sequences of pCsMYB15 and CsMYB61 were identified using the 

Citrus sinensis Annotation Project (Huazhong Agricultural University) and 

Phytozome (http://www.phytozome.net/). The promoter region (1242 pb) of MYB15 

from C. sinensis was amplified by high fidelity genomic PCR using the specific 

primers (Table S1). The resulting fragment was inserted by recombination in the 

vector pKGWFS7.0 that contains the GUS reporter gene. For preparing MYB61 

overexpression lines, MYB61 cDNA from C. sinensis was amplified by RT-PCR with 

the specific primers (Table S1). In the same way, the terminator of MYB61 from C. 

sinesis (1000 bp fragment) was amplified by high fidelity genomic PCR using the 

specific primers (Table S1). The resulting fragments were cloned into the plasmid 

vector pMF1. The correct assembly of the different sequences (promoter MYB15, 

CDS MYB61, and terminator MYB61) was confirmed by sequencing of DNA. The 

two constructions (pKGWF7:pCsMYB15: GUS and pMF1:pCsMYB15: CsMYB61) 

were used to transform Arabidopsis using the floral dip method (Clough and Bent, 
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1998). Homozygous transgenic lines were selected in the T3 generation and used 

in subsequent experiments.  

2.3 Quantitative RT-PCR analyses 

RNA was extracted as described by (Cañon et al., 2013). The real-time PCR analysis 

was performed using SYBR Green Master Reagent Kit (Agilent Technologies, Santa 

Clara, USA). The CLATHRIN gene was used as internal control. The PCR reaction 

used 40 cycles with three biological replicates. The primers qCsMYB61-Fwd and 

qCsMYB61-Rev (Table S1) were used to analyze the expression of CsMYB61. 

2.4 Histochemical staining analysis  

The expression of pCsMYB15 in Arabidopsis vegetative organs was investigated by 

analyzing GUS staining signals in four independent promoter::GUS reporter lines in 

light and dark conditions, as described by (Aquea et al., 2010) 

2.5 Measurement of density and stomatal aperture  

The abaxial side of mature leaves was used to prepare an impression with the 

application of a dental silicon layer (2 leaves per plant, 3 plants per line, n=3). Once 

the silicon had dried, the impressions were covered with transparent nail polish. This 

film was then carefully detached from the leaf, placed on microscope slides and 

covered with coverslips. Stomata number per 0.001 mm
2 surface per plant was 

recorded (3 fields per print, 18 fields per line), using a NIKON Eclipse 80ie optic 

microscope and the stomatal number per mm2 was calculated. The stomatal 

aperture was measure placing the detached leaves (from five-week-old plants) in the 
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stomata opening solution (50 mmol/L KCl, 10 mol/L CaCl2, and 10 mmol/L MES, pH 

6.15) for 6 h (three hours in darkness and three hours in a lighted growth chamber 

[PAR 70-80 µmol m-2 s-1] with 95% humidity at 22°C) as described by (Pei et al., 

1997). Subsequently, leaves were placed on a slide using water and were observed 

and photographed in an optical microscope coupled to a digital camera using a total 

increase of 400X.  

2.6 Analysis of pCsMYB15:CsMYB61 plants with ABA and drought stress 

condition 

The pCsMYB15:CsMYB61 plants were evaluated under ABA and drought treatment 

using five-week-old plants. Transgenic lines and WT plants were sprayed with 10 

µmol/L of ABA, and leaves were harvested after 3 h of incubation and fixed in 2.5% 

glutaraldehyde (v/v) in sodium cacodylate 0.268M pH 7.2 at 4°C for 3 h. Leaves were 

subsequently rinsed with sodium cacodylate 0,268M pH 7,2 and dehydrated with 

increasing concentrations of acetone (50, 70, 95 and 100%, 1 h each immersion). 

Leaves then underwent a critical point drying and were mounted on an aluminum 

support for application of a gold bath using the variam/vacuum division equipment 

(vacuum evaporator PS 100E). The observation was made in 400X and 3000X 

magnifications in the SEM LEO 1420VP Scanning Electron Microscope. Control 

samples were collected just before the treatments. A one-way ANOVA and Tukey 

test with p≤ 0.05 were used to compare means. In order to assess potential drought 

tolerance of pCsMYB15:CsMYB61 plants, six-week-old WT and transgenic plants 

were grown in mixed soil (peat and vermiculite 1:1) deprived of water for two weeks 

and then watered once. The rates of plant survival were recorded one week after 
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watering. To compare the water loss rates of WT and CsMYB61 transgenic lines, 

the relative water content was determined at 0, 5, 7 and 11 days of treatment by 

genotype using WT plants as control. For this, leaves were taken from each plant 

and their fresh weight (FW) was obtained using an analytical balance. Then, the 

leaves were left in a petri dish floating in distilled water for 4 h at 22°C in a growth 

chamber, and then reweighed on the analytical balance to obtain their weight in 

turgor (WT). Finally, the leaves were completely dehydrated in an oven at 60-70°C 

for at least 48 h, after which their dry weight (DW) was recorded. The RWC was 

calculated according to the following equation: 

 RWC (%) = [(FW-DW) / (WT-DW)] × 100 

2.7 Physiological parameters 

Physiological parameters was determined in vivo on attached leaves from the 

second to fourth node of shoots using a portable CO2 infrared gas analyzer (Licor 

LR6400, LI-COR Bioscience, Inc., Lincoln, Nebraska, USA) equipped with a cuvette 

which controlled the light source (300 µmol m-2s-1), temperature (20ºC), humidity and 

CO2. External CO2 from air was applied to obtain a reference concentration of 400 

ppm with a flow rate of 300 ml min-1 and 80% external relative humidity. Net 

photosynthesis (µmol CO2 m-2s-1), stomatal conductance (gsmol H2O m-2s-1), 

transpiration rate (E, mmol H2O m-2s-1), and instantaneous water use efficiency 

(EUA, calculated as A/E, mmol CO2/mol H2O) were also determined.  
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3. Results 
 
  
a. Tissue-specific expression of putative CsMYB15 promoter  

 Genetic regulation of stomatal movement depends mainly on an efficient gene 

expression control system. Previous reports have shown that the promoter of MYB15 

is active not only in vegetative and reproductive organs but also in the guard cells of 

stomata in Arabidopsis during the day (Ding et al., 2009). With the aim to drive 

specific expression of a transcriptional regulator of stomatal closure, a putative 

promoter (1.2 kb upstream of the annotated ATG start codon) of MYB15 from Citrus 

sinensis was amplified and cloned (pCsMYB15). The sequence obtained was 

analyzed in silico and showed at least 10 binding motifs for Dof zinc finger 

transcription factors ((T/A)AAAG), which play a critical role in guard-cell expression 

of KST1 promoter activity in potato plants (Plesch et al., 2001). In addition, other 

elements related to ABA- and light responses are present in pCsMYB15 (Table S2; 

Figure S1).  To monitor the specific activity of this genomic sequence, pCsMYB15 

was amplified by PCR and cloned into a GUS reporter vector and transformed into 

Arabidopsis plants by floral dip. Eight transgenic lines were selected and GUS 

activity was evaluated during plant development in the presence or absence of light. 

Figure 1 illustrates that GUS activity is observed in stoma but only in presence of 

light. The activity of this promoter was not observed in darkness, suggesting that the 

light-responsive elements identified in the promoter sequence are functional. GUS 

activity was also observed in roots (data not shown). 
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3.2 Citrus sinensis MYB61 homologous gene 

Selection of a candidate citrus homologue of the AtMYB61 transcription factor 

was based upon an in silico search in the Citrus genome database followed by 

amplification of the gene by PCR, cloning, and sequencing. A schematic 

representation of the gene sequence is shown in Figure 2a. The translated amino 

acid sequence showed 57.2% and 50.3% similarity with AtMYB61 and AaMYB1, 

respectively (Figure 2a). A phylogenetic tree of MYB61 from different plants species 

was created, revealing thus homology with trees species (Figure 2b). The exon–

intron structure reveals that CsMYB61 has 3 exons and 2 introns. This genetic 

structure is also present in AtMYB61 and the size of the exons is almost identical in 

the 2 genes analyzed (Figure 3a). To determine whether the putative transcription 

factor homologue could control stomata closing during the day, the pCsMYB15 

sequence was assembled into a transformation vector upstream of the putative 

CsMYB61 gene generating the cisgenic construction pMF1-CsMYB61 (Figure S2). 

Additionally, a stop codon was cloned 1000 bp downstream of CsMYB61 to serve 

as a transcriptional terminator. Arabidopsis plants were transformed with 

construction and numerous lines resistant to kanamycin were selected. Nine lines 

yielded a PCR amplification product of the expected size of approximately 1230 bp 

corresponding to CsMYB61 (data not shown). The expression level of CsMYB61 

was analyzed by qRT-PCR and four of them showed detectable levels, with line L5 

demonstrating the highest expression (Figure 3b). 
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3.3 Functional evaluation of pCsMYB15:CsMYB61 in Arabidopsis 

The ability of these lines to regulate stomata opening and closing under basal 

conditions was assessed using the print of their stomata in enamel.  No significant 

differences between the WT lines and the nine transgenic lines with CsMYB61 gene 

were observed with respect to stomatal density (Figure S3). However, the transgenic 

lines L1, L2, L5 and L6 showed significantly lower opening of their stomata compared 

to the WT plant (Figure 4A). In these lines stomatal opening ranged from 1 to 1.7 μm 

compared to the WT plant in which stomata were opened 2.8 μm on average. The 

stomatal-to-opening ratio with respect to the length of the stomata is significantly 

lower in the same lines (Figure 4B). To evaluate ABA sensitivity, the selected 

transgenic plants were grown in optimal conditions under an irrigation regime and 

treated with foliar application of 10 μm of ABA.  Leaves were collected, fixed, and 

analyzed with a scanning electron microscope 4 hours after treatment. Distilled water 

was used as control. Both the WT line and the transgenic lines showed lower 

stomatal opening in response to ABA compared to the control condition. However, 

stomatal closure was more pronounced in transgenic lines, especially in lines L2 and 

L6 (Figure 4C). Quantification of this phenotype showed significantly lower opening 

than the control plant (0.013 μm), ranging from values of 0.004 μm for lines L2 and 

L6 to 0.007 μm for line L1 (Figure 4D). In addition, the selected transgenic lines 

showed a decrease in their relative water content (RWC) with respect to controls 

after 11 days of irrigation cessation (table 1). 

 In order to evaluate if transgenic plants showed higher WUE, a stop watering 

assay was performed. Selected lines were grown under optimum conditions of light 



 94 

and soil moisture (maintained at field capacity) for 35 days, after which transgenic 

and WT plants (five replicas per line) were subjected to water withholding for 11 

days. Net photosynthesis (AN), stomatal conductance (gs), and transpiration rate (E) 

were evaluated and the WUE was determined. Stomatal conductance (Figure 5B) 

and transpiration rate (Figure 5C) were significantly lower in the transgenic line 2 

compared to WT. Net photosynthesis showed higher values in transgenic plants after 

11 days of irrigation cessation compared to the control plant (Figure 5D). In respect 

to WUE, the transgenic lines 2 and 5 showed a greater value after 11 days of water 

withholding (Figure 5E). Rehydration followed this treatment, and the phenotype was 

recorded after 5 days. The WT plants failed to recover, whereas the transgenic lines 

expressing CsMYB61 returned to a nearly normal phenotype (Figure 5A). Taken 

together, our results show that regulation of stomatal opening through the tissue-

specific expression of transcription factor CsMYB61 in Arabidopsis significantly 

increases WUE in water deficient conditions.  
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4. Discussion 

Harnessing transcription factors, which regulate the expression of the stress-

responsive genes, represents a powerful strategy to modulate drought resistance 

and prevent plant productivity loss. In the present study, the expression of CsMYB61 

under transcriptional control of pCsMYB15 in Arabidopsis significantly increased 

WUE under water limited conditions. The higher pCsMYB15:CsMYB61 expression 

lines exhibited significantly lower opening of their stomata compared to the WT plant 

and this response is sensitive to ABA application (Figure 4). In addition, these plants 

showed greater photosynthetic assimilation paired with lower stomatal conductance 

and transpiration rate (Figure 5), suggesting that this genetic construct has the 

potential to improve yield under water-limited conditions. The 35S promoter is 

frequently used to evaluate the function of a gene; however, unusual phenotypes 

are observed under normal conditions in some cases (Hsieh et al., 2002). In this 

work, we constructed a stoma-specific CsMYB61-expressing vector and generated 

pCsMYB15:CsMYB61 transgenic Arabidopsis plants. This promoter was chosen 

due to its tissue specificity and its activity in light. Analysis of GUS activity under 

transcriptional control of the CsMYB15 promoter revealed the reporter gene to be 

expressed predominantly in stomata in presence of light (Figure 1).  This pattern of 

expression agrees with the literature, where AtMYB15 participates in the regulation 

of stomatal closure (Cominelli et al., 2010b; Ding et al., 2009). CsMYB61 is the Citrus 

sinensis AtMYB61 (At1g09540) homologous gene, which potentially controls 

resource acquisition and allocation in plant. AtMYB61 expression was both sufficient 

and necessary to bring about reductions in stomatal aperture with consequent 
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effects on gas exchange (Liang et al., 2005). The results obtained in this work are 

consistent with our hypothesis that specific expression of a gene that participates in 

the closing of stomata normally during the night will contribute to a lower stomatal 

opening when expressed during the day. Accordingly, our results are consistent with 

those reported for the constitutive over-expression of AtMYB61 in Arabidopsis in 

which the opening of the stomata pore was partially reduced (Liang et al., 2005) and 

of AaMYB1, an orthologous gene to AtMYB61 in A. annua, in which stomata were 

generated with 45% less pore opening compared to the WT plant (Matías-

Hernández et al., 2017). In our experiments, the transgenic plants showed increased 

sensitivity to ABA in comparison to non-transformed plants (Figure 4). As ABA 

mediates plant response to drought stress, this results suggests that expression of 

CsMYB61 under transcriptional control of the promoter CsMYB15 should be 

increased in water limited conditions and induce enhanced stomatal closing, as was 

observed. In order to evaluate tolerance to drought conditions, a water withholding 

experiment was performed. The transgenic lines showed less water loss compared 

to control plants, with a decrease of RWC ranging from 10% to 39% in comparison 

to WT plants, which RWC decreased by more than 55% (Table 1). This results 

agrees with the hypothesis that plants with smaller stomatal pores have lower water 

loss by transpiration, as has already been demonstrated in Arabidopsis for similar 

conditions (Cominelli et al., 2005; Liang et al., 2005; Galbiati et al., 2011). Similar 

result happen when barley plants with significantly reduced stomatal density show 

an improve in drought tolerance without impacting on yield (Hughes et al., 2017) 
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Plants with smaller stomatal pore openings and decreased transpiration exhibit 

decreased photosynthesis. In C3 plants such as Arabidopsis, the influx of CO2 from 

the atmosphere to the leaf is less than the efflux of water from the leaf into the 

atmosphere. This is partly due to differences in concentration and the size of CO2 

and water molecules as well as the fact that fixed CO2 must cross the plasma 

membrane, the cytoplasm of mesophyll cells, and the chloroplast envelope. 

However, there are several reports showing that a decrease in stomatal conductance 

could increase WUE without affecting photosynthesis. Expression of the maize malic 

enzyme in tobacco plants (Laporte et al., 2002) mutations of the transcription factor 

GTL1 in Arabidopsis (Yoo et al., 2010) and expression of AtHXK1 in guard cells in 

citrus fruits (Lugassi et al., 2015) are examples of how lower stomatal conductance 

produces an increase in WUE. Therefore, our strategy to increase WUE by 

decreasing stomatal conductance without significantly affecting photosynthesis is 

possible as supported by our results and examples in the literature.   

In conclusion, our observations regarding transgenic Arabidopsis expressing 

CsMYB61 under the CsMYB15 promoter showed that stoma-specific expression 

improved WUE. Manipulation of CsMYB61 in citrus could have promising 

applications in stress management and plant performance. Further experiments are 

now needed to characterize the effects of pCsMYB15:CsMYB61 in citrus and 

evaluate its stomatal regulatory mechanism in a fruit tree. 
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Legend of figures 

Figure 1. Histochemical assays of the expression pattern of GUS under the 

control of the CsMYB15 promoter in pCsMYB15–GUS transgenic Arabidopsis. 

A non-transgenic WT plant was used as a control. Both plants were grown in 

darkness and light during 24 h before the  

histochemical assay. 

Figura 2. Sequence and phylogenetic analysis of CsMYB61.  A) Alignment of the 

putative CsMYB61 protein with its homologous proteins from Arabidopsis and 

Artemisia annua. The R2 and R3 domains are marked in green and yellow 

respectively. The signature of subgroup 13 is marked in blue. Identical amino acids 

are marked with an asterick. B) Phylogenetic analysis of CsMYB61 and other MYB61 

proteins from different species. The amino acid sequences were subjected to Clustal 

W using the neighbor-joining method in MEGA 7.1. At, Arabidopsis thaliana; Cs, 

Citrus sinensis; Zm, Zea mays; Aa, Artemisia annua; Ad, Arachis duranensis; Cp, 

Cucurbita pepo; Pa, Prunus avium; Cc, Citrus clementina; Me, Manihot esculenta; 

Qs, Quercus suber 

Figure 3. A schematic representation of the exon-intron structure of the 

genomic sequence of AtMYB61 and CsMYB61 and expression in Arabidopsis 

transgenic lines. A) The exons and introns are represented with boxes and black 

lines, respectively. Numbers above exons refer to their size in nucleotides. The 

distribution of the R2 and R3 repeats of the DNA binding domain MYB is highlighted 

in dark gray and light gray, respectively. B) The transcript abundance was 
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normalized to the lowest expression for this gene. Bars represent means of three 

plants ± standard error. 

Figure 4. Stomatal opening analysis in A. thaliana transgenic lines expressing 

the CsMYB61 transcription factor under water limited conditions. Stomatal 

response to ABA applications in A. thaliana lines overexpressing CsMYB61. a) 

Stomatal opening (pore width) determined through optical microscopy 

complemented with a representative image of the appearance of the stomata in 

these conditions in WT plants and those overexpressing CsMYB61. b) ratio between 

the stomatal opening and the length of the stoma for the transgenic lines 

overexpressing CsMYB61. Asterisks show significant differences with respect to 

WT. Statistical differences were observed after performing a one-way ANDEVA and 

Bonfferoni test that compared the lines with respect to WT. *p<0.05; **p<0.01; 

***p<0.001; ****p<0.0001. a) Visualization of the stomata by scanning electron 

microscopy (SEM) in response to exogenous application of ABA in transgenic lines 

and WT (3000 X magnification, bar = 30 μm). 100 μm of ABA was used. b) Stomatal 

opening of WT and transgenic lines of A. thaliana overexpressing CsMYB61. The 

bars represent the mean ± SD (n=90 stomata per plant) ≤ 0.05. 

Figure 5. Physiological parameters of A. thaliana transgenic lines expressing 

the CsMYB61 transcription factor under drought stress treatments at the 

beginning (day 0) and end (day 11). a) Phenotype of transgenic lines after 11 days 

of treatment (b) Stomatal conductance, (c) CO2 assimilation, (d) Transpiration, (e) 

Instant water use efficiency. The averages ± SD of 5 plants per genotype (n = 5) are 

shown. Asterisks indicate significant differences with respect to WT in the same days 
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(one-way ANOVA and Bonferroni test; * P <0.05 and ** P <0.01).  

Figura S1. Promoter analysis of CsMYB15. The analysis was performed by 

PLACE, A Database of Plant Cis-acting Regulatory DNA Elements. Binding sites are 

represented by the symbols described in the figure 

Figura S2. Schematic representation of cisgenic construction. The pMF1 

plasmid was used as was described by Krens et al., 2015  

Figura S3. Stomatal density of Arabidopis WT and transgenic line expressing 

CsMYB61.  
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Figure 2. 
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Figure 3. 
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Figure 4. 
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Figure 5. 
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Figure S1.  
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Figure S2.  
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Figure S3.  
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Table 1. Relative water content (RWC) in transgenic lines with transcription 
factor CsMYB61 and wild type plants (WT) under drought stress. Relative water 

content in the lines subjected to drought stress treatment at 0, 5, 7 and 11d of 

cessation of irrigation until the water content was invariant. 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Line 
RWC average (%) 

Day 0 Day 11 Decrease 
WT 95.44 42.62 55.34 
L1 95.58 58.13 39.19 
L2 93.87 84.36 10.14* 
L5 94.29 75.03 20.43* 

L6 86.99 52.84 39.26 
* Asterisks indicate significant differences with respect to WT plants on the same 
day. Five plants per line and WT were used 
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Table S1. Gene-specific primers used for gene expression analysis in 
Arabidopsis. 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Gene Primers Sequence  (5’→3’) Reference 
 

pCsMYB15 Forward 
Reverse 

CACCCATTTAATGGACTAATGAACTCCT
C CTTGTTAATTTCTTTCAAACTAGT  
 

This work 

CsMYB61 
(cds) 

Forward 
Reverse 

GTTTAAACATGGGGAGGCATTCTTG 
GGTACCCTAAAGGGTTTGTCCAAAAG 
 

This work 

CsMYB61 
(terminator) 

Forward 
Reverse 
 

GGTACCCTTGTAGAATCAAAAGGAAGA   
TTAATTAACTCTTATCCTTGCAATCAATC    
 

This work 

qCsMYB61 Forward 
Reverse 

GCCGCTTTCTGAGGTTGA 
AGAAGCAGCTGCAGCAAAC 
 

This work 
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Table S2. Putative cis-acting elements of the promoter of CsMYB15 
 
 
 
Cis-element Position 

 
Sequence  Funtion 

ABRELATERD1 1186 (+) 
1022 (-) 

ACGTG (+) 
CACGT (-) 

ABA-response element 

ARE 884 (+) TGGTTT cis-acting regulatory 
element essential for the 
anaerobic induction  

BOX 4 1086 (+) ATTAAT Part of a conserved DNA 
module involved in light 
responsiveness  

BOX II 1184 (+) ACGTGGC Light-responsive element 

Sp1 1142 (+) CC[G/A]CCC Light-responsive element 

Motivo-CATT 87 (+) GCATTC Light-responsive element 

GATA-BOX 349 (+) 
590 (+) 
689 (+) 
754 (+) 

GATA Light-responsive element 

G-BOX 1021 (+) CACGAC cis-acting regulatory 
element involved in light 
responsiveness  

Motivo-TCT 361 (+) TCTTAC Part of a light-responsive 
element  

Motivo-GT1 717 (+) GGTTAAT Light-responsive element 

DOF 746 (+) 
787 (+) 
914 (+) 
150 (-) 
174 (-) 
399 (-) 
528 (-) 
831 (-) 
841 (-) 
930 (-) 
 

AAAAG (+) 
 
 
CTTTT (-) 
 

guard-cell expression 
element 
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MODEL AND CONCLUSIONS 
 
 
 

In this thesis work it was demonstrated that the manipulation of transcription 

factors type CBF3 and MYB61 allow the plant to increase the tolerance to water and 

saline stress and increase its efficiency in the use of water (WUE). The specific 

stoma expression of the transcription factor CsMYB61 low in transcriptional control 

of the pCsMYB15 promoter whose expression is day and mediated by ABA allowed 

the partial closure of the stoma. This affected stomatal conductance (gs), 

trasnpiracion (E) without affecting photosynthesis (A) which resulted in an increase 

in WUE. 

 

The following model proposes a possible control of the stomata regulation 

mediated by the transcription factors of the MYB family. It is shown that an important 

stimulus of stomatal regulation is light that induces the FT MYB60  wich induce the 

opening of stoma. On the other hand, darkness (absence of light) stimulates 

CsMYB61 closing the stoma. Additionally, water stress, another important stimulus 

of stomatal regulation, induces the synthesis of the ABA hormone, which stimulates 

MYB44 and MYB15 closing the stoma. 

 

The construction developed in this thesis (pCsMYB15 :: CsMYB61) allowed 

for the first time to demonstrate that under light conditions the stoma could be 

partially closed under conditions of water stress and thereby improve the WUE in the 

plants. 
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Figure 1. Model of the regulation of stomatal opening in plants by the family of the  

transcription factor MYBs. 
 

Las conculsiones especificas que resultan de esta tesis son las siguientes:  

 

It is possible increase WUE and the tolerance to salinity in the model plant 

Arabidopsis thaliana and in plants of agricultural interest such as Citrus aurantifolia 

(lemon) through expression of the transcription factor CBF3. 

 

Stomatal specific expression of CsMYB61 in guard cells by CsMYB15 promoter in 

arabidopsis plants, reduces stomatal opening, conductance, and transpiration 

without affecting negatively photosynthesis. 

 

pCsMYB15::CsMYB61
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It is possible to increase WUE in citrus and arabidopsis plants by manipulating gene 

expression associated with stomatal opening and closing.  

 

The resolution of the main goal of the thesis through the set of results obtained 

allowed to demonstrate the hypothesis. 


