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ABSTRACT 
The barley (Hordeum vulgare L.) is a cereal of extreme economic and social importance, due to its wide use, 
which varies from human and animal consumption, use in chemical and brewing industries. This specie, as 
for many other, is widely affected by unfavorable environmental conditions, inducing a state of stress in the 
plants, which, depends on the specie, duration, severity, development stage, affect structure and genotype. 
Among the main factors causing stress in plants, the abiotic stress stands out, such as high and low 
temperatures, hydric restriction or excess, salt excess, mineral toxicity and nutritional shortages. The 
present study has the purpose of expose, as a review, the effects of unfavorable environmental factors in 
barley and the role of genetic breeding. 
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INTRODUCTION 
 

Most of habitants in the globe depends on gramineous species such rice, wheat, maize, barley, sorghum 
and oat as sources for most of their diet, to feed cattle and pets (Kellogg, 2001). Among these cereals is 
barley, which has accompanied humanity within its history, performing a relevant role in the development 
of agriculture, civilizations and cultures (Ullrich, 2011). 

In Brazil, this cereal is cultivated in the Southern region of the country, as well in some Middle-West 
states such as Goias, Minas Gerais and São Paulo (Ferrari, 2003). In the region of Cerrado, the barley is 
produced in irrigated system, after the main growing season, what allows the harvest to be realized in dry 
periods, with scarce rain, resulting in seeds with high quality. In the southern region, production is realized 
in dry conditions, concentrating in the northern region of Rio Grande do Sul, Center-West of Santa Catarina 
and Center-Southern of Paraná (Biazus, 2015). 

Since its domestication, barley has being grown in many environmental conditions and different 
production systems, with plenty grain usages. However, the environment conditions where it is grown has 
direct impact in its production.  

At the field, crops are subject to unfavorable environmental conditions, which causes abiotic stresses 
severely affecting the yield, as well as the distribution of species within different environments. It is 
estimated that 51-82% of the yield potential of annual crops is lost due to abiotic stresses, besides that, this 
damages can be aggravated by the effects of recent climate changes in the globe, as well with prevision of 
scarcity of drinkable water. 

Most of the farming fields in the world is under some inadequate condition to grow crops, what can cause 
abiotic stress in plants. Some examples of abiotic stresses that a crop may face include water excess, 
drought, extreme temperatures, salinity, metal toxicity and lack of nutrients in the soil. These factors 
negatively impact the growth, development, production and grain quality of crops, as well the production of 
other crops (Soares & Machado, 2007). 

The plants, due to its sessile nature, developed ways to answer and adapt to environmental adversities, 
as much in physiologic as for molecular levels, which, otherwise, would compromise its normal 
development, reproductive success and, finally, survival (Apse & Blumwald, 2003). 
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The final purpose of all researches developed in molecular level is to study defensive/tolerant 
mechanisms to stress in plants that may contribute to the development of technologies and products that 
allow the generation of more resistant/tolerant plants to stresses and that are economically viable and 
sustainable (Turchetto, Hartke, Caverzan, & Turchetto-Zole, 2017). For such, some tools have been used 
such as genomic, transcriptomic, proteomic, metabolomic, bioinformatics and genetic transformation of 
plants. Just like the CRISPR technique, which consists of a tool for genetic modification, where it is able to 
recognize a region and perform the editing, since it works as a DNA “scissors”, where it can be cut out as 
parts of interest in the genome. and edit them according to the research interest (Arend, Pereira, & 
Markoski, 2017; Men et al., 2017). 

The exploration of the existent genetic variability, by plant breeding, results in increase of productive 
potential, better quality and in the reduction of losses through better resistance levels or tolerance to 
environmental stresses (Silveira et al., 2014). Within this context, there is the necessity to develop cultivars 
that are tolerant for abiotic stresses, in order to guarantee food security. The progress acquired through 
plant reproduction involves multidisciplinary researchers, such as breeders and biotechnologists. 

For the success of the implementation of the barley crop in regions where there are environmental 
conditions that present slight risks, it must be chosen improved cultivars that will have better answer to 
these conditions. In this manner, it was developed, in the present study, a literature review of the effects of 
unfavorable environment factors in the cultivation of barley and the role of genetic reproduction breeding.  

 

GENERAL CHARACTERIZATION OF THE SPECIES 

Barley (Hordeum vulgare L.) is a winter cereal belonging to the family Poaceae, genus Hordeum, from the 
Triticeae tribe, which includes other agronomically important species such as rye (Secale cereale) and wheat 
(Triticum aestivum) (Muñoz-Amatriaín et al. 2013). It is a millenarian culture with great socioeconomic 
importance, just like corn, rice and wheat (Food and Agriculture Organization of the United Nations 
[FAOSTAT], 2018). With a wide adaptation to growing environments, it was one of the first cereals to be 
cultivated by man for animal and human nutrition, mainly to obtain malt and for beer production (Galon et 
al., 2011). 

The genus is composed of 32 species, including diploids, tetraploids and hexaploids, where the 
domesticated barley (Hordeum vulgare) is a diploid plant with seven chromosomes (2n = 2x = 14), strictly 
autogamous with crosses ratio of less than 1% (Bellucci et al., 2013). 

The variety of species of the Hordeum genus include annual, perennial, autogamous and allogamous. 
They can be considered cosmopolitan, since they inhabit most temperate areas and extend to arctic and 
subarctic regions. Some species appears close to the subtropical zone in South America (Southwest Brazil 
and Northeast Argentina) and the highest concentration of species is found in Southwest Asia and South 
America (Bothmer, Jacobsen, Baden, Jorgensen, & Laursen, 1995). 

The barley grains have 53 to 67% starch, 14 to 25% fiber and 9 to 14% protein and are classified into two 
main types: the varieties of two and the varieties of six rows of grains by spike, represented by the co-
varieties distichum and vulgare, respectively (Oscarsson, Andersson, Salomonsson, & Åman, 1996; Mayer, 
Fuke, Nörnberg, & Minella, 2007; Panizo-Casado et al., 2020). 

Barley has been reported to be one of the earliest man-tilled crops, approximately 10,000 years old, at 
the ancient Mesopotamia, and occurs in most temperate areas (Poets, Fang, Clegg, & Morrell, 2015) and 
has since, gained ground in world agriculture. In Brazil, its cultivation is already understood by regions that 
are not traditionally producers, such as the Cerrado. This was possible due to the research results obtained 
by Embrapa Cerrados and Embrapa Trigo, which were able to adapt this crop to the edaphic and climatic 
conditions of the region (Amabile, Capettini, & Faleiro, 2013). 

The total cycle of this cereal is very varied, which depends on the genotype, crop location and date of 
sowing. In Brazil, the cycle has an average duration of 110 days, while in Australia it can vary from 105 to 
157 days (Thomas & Fukai, 1995; Amabile et al., 2013), which demonstrates its cycle variability according to 
the place of cultivation. 

The inflorescence of the barley is a terminal spike formed by the rachis and by a variable number of 
spikelets. As in the other species, the spike is characterized by three spikelets per node, originating 
alternately on opposite sides of the rachis. Each spikelet is formed by two glumes and a flower. The lateral 
spikelets are sterile in the two-row and fertile types in six-row barley (Reid, 1976). 

This crop is morphologically characterized by its spike-shaped inflorescence (Houston et al., 2013), 
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possessing a triple spikelet, one central and two sides, and when fertile, presents six seeds per node of the 
rachis (Ferreira et al., 2016). The individualized spikelets are composed of one or several caryopsis clad with 
the shell strongly adhered to the pericarp, formed by glumellae (Wrigley & Batey, 1995). 

The barley seed is contained in the caryopsis, being formed by the hull, pericarp, germ, endosperm and 
aleurone layer (Boom et al., 2006). This last structure is of great importance for the brewing industry, it is 
responsible for the transport of hormones to the interior of the endosperm and for the accumulation of α- 
and β-amylase enzymes and β-glucanases, which act in the production of alcohol (Popinigis, 1985). 

The flower is complete with the three stamens and the pistil covered by the palea and lemma 
(glumellaes). The lemma (extern) may end in an awn or hood. The pistil is composed of the ovary and a 
bifurcated stigma of variable hairiness. Two lodicles are located at the base of the ovary, and the stamens 
are made up of anther and filament originating from the base of the ovary. 

Barley is reproduced by self-fertilization, with dehiscence of anthers occurring normally before flower 
opening, often before ear emergence. The rate of cross-fertilization is less than 1%, even in conditions 
favorable to allogamy (Guerrero, 1999). 

Barley seeds harvested at moisture content above 13.5% should be dried to ensure quality during storage. 
Otherwise, seeds with high humidity can be rapidly contaminated by fungi (Poulsen, Blaabjerg, Norgaard, & 
Ton Nu, 2012). In barley seeds with 14% water, it is possible to grow Aspergillus spp., being A. restrictus and 
A. glaucus the species that most compromise the conservation of this cereal, as they cause a reduction of 
vigor and germination, colonizing especially the embryo (Lazzari, 1996). 

 

BARLEY IN BRAZIL 
 
The Brazilian area destined to agriculture is of approximately 7.6% of total national territory, which 

corresponds to an extent of about 66 million hectares (Empresa Brasileira de Pesquisa Agropecuária 
[EMBRAPA], 2005), however, the projections indicate that for 2029/2030, the crop areas should represent 
about 10.4% of the Brazilian territory (Gasques et al., 2020). Within this amount, it is evidenced a large 
diversity of species being produced, where barley represents a grown area of 103.4 thousand hectares 
(Companhia Nacional de Abastecimento [CONAB], 2021). 

The grains are used to human diet (Mayer et al., 2007), in the composition of flour or flakes for bakery 
and animal feed, in addition of its main use, which is malt for brewing industries (Badr & El-Shazly, 2012). 
This cereal is widely produced in the southern region of Brazil, where the main producing states are Rio 
Grande do Sul and Paraná, being sowed in fall/winter, sharing fields with wheat, oat and triticale. The 
barley area in Brazil is close to 100 thousand hectares, however, the southern region of Brazil concentrates 
most of the production (Narwal, Kumar, Kharub, & Verma, 2020). Barley is the fourth most sowed cereal in 
the world, following wheat, rice and corn (FAOSTAT, 2013). 

Barley can be classified in two main groups in relation to its destiny and usage, brewing or forage 
industry. The purpose of the barley for forage may be a viable alternative, since barley is versatile and it has 
been used in many countries for plenty of animals, including dairy cattle (Juskiw et al., 2020). 

In Brazil, barley stands out for the brewing industry, malt commercial production, with 75% of its 
production destined to its production destined for commercial malt production (Narwal et al., 2020). For 
other ends, it has not consolidated due to the lack of competitiveness to other cereals, such as maize, 
differing from Europe and United States, where barley is widely used as base for animal feed, replacing 
maize (Boyles, Anderson, & Koch, 2017). 

The area intended to barley production, in Brazil, is small in comparison to other crops as soybean and 
maize, tending to stabilize in the last years, as observed in Figure 1. The cultivation area was 103.4 
thousand hectares in the 2020 harvest, however the same projection remains for the 2021 harvest (CONAB, 
2021). 

Since the main purpose of barley is for brewing production, growing this grain has some peculiarities to 
grain quality, which are similar to the ones required for seeds (Jaques et al., 2019). The grains that are 
presented within the limits fixed by the ordinance nº 691 of November 1996 of the Brazilian Ministry of 
Agriculture, Livestock and Food Supply (Ministério da Agricultura Pecuária e Abastecimento [MAPA]), will 
be considered below official patterns and must not be used for malt production and brewing ends.  

Typical of cold weather, brewing barley has gained space in Cerrado since the end of the 90s, after the 
development of the first cultivars adapted to the climatic conditions of the region by Embrapa. Today, 
Cerrado has expanded the area planted with brewing barley, reducing the importation of the cereal in 
Brazil. However, the Brazilian production of barley for brewing purposes is concentrated in the three 
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southern Brazilian states (Rio Grande do Sul, Santa Catarina and Paraná), where factors such as climate, 
genotype and management are determinants of grain production with quality standards for malting, 
particularly in relation to germination, size, protein content and grain health (Minella, 2012). 

 

 
Figure 1. Series of years of the barley cultivation area in Brazil from 1976 to 2018.  
Source: Conab, 2018. 

 
From the 1990s there was an increase in the market demand and competitiveness of this species. The 

average yield of barley in Brazil has increased in recent years (Figure 2A), and this increase can be attributed 
to genetic improvement and the use of specific genotypes for each growing region. In 2017, barley 
production reached 282.1 thousand tons, and in 2018 an estimated 323.4 thousand tons of grains (Figure 
2B).  However, in 2020, barley production was 13.6% higher than 2018 and the estimate is for a 3% growth 
for the 2021 harvest compared to 2020, with Paraná being the main producing state with 62.7 thousand 
hectares planted. in the 2020 harvest, followed by Rio Grande do Sul with 39.1 thousand hectares (CONAB, 
2021).  

 

 
Figure 2. Historical series of years of average yield (A) and production (B) of barley in Brazil from 1976 to 
2018. Source: Conab, 2018. 

 
According to Minella (2012), new investments such as the cultivation of varieties adapted to new regions 

are being developed in order to reduce the dependence of the imports of this cereal, demonstrating that 
the potential for growth of the barley-malt complex in Brazil is enormous. The choice of most competitive 
barley for a specific region is a decisive factor for the success of the enterprise. However, the productive 
sector has a reduced number of cultivars, defined by the brewing companies that buy the production, 
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which guarantees for the company a uniformity of the material traded. Thus, the producer is limited to 
those cultivars that in many cases are not the most productive in the region of their property or do not 
present characteristics of tolerance to conditions of abiotic stresses. 

 

THE ABIOTIC STRESSES IN BARLEY PRODUCTION 
 
Abiotic stresses can incisively interfere in the yield of many crops, mainly in species that present low 

resistance to adverse conditions, such as high and low temperatures, hydric restriction, flooding, toxicity by 
mineral elements, salts in excess and nutritional deficiencies (Szareski et al., 2018). 

In general, the stress can be considered as a significant deflection of the optimal conditions for the crop 
life, inducing changes in all functional levels of the organism, which, at first may be reversible, but can be 
permanent (Larcher, 2004). In this manner, aiming to avoid losses occasioned by environmental stresses it 
is important to comprehend the answer of the plants when facing it, in order to identify a common 
mechanism of tolerance for the variation of stress conditions (Shanker & Venkateswarlu, 2011).  

The frequency and intensity of the hydric deficiency constitute the most relevant factors to the limitation 
of the world production. A study revealed that this limitation is responsible for 60 to 70 % of the final yield 
variation from the optimal. 

Since it is the main cause of yield losses in the globe, the development of more adapted genotypes is of 
primordial importance for the food security (Magalhães, 2011). In this manner, the ability to resist to 
drought periods is one of the main objectives in breeding programs for the cultivation in semi-arid regions 
without irrigation or even in other regions that present a history of low water availability.  

The drought resistance mechanism can be of three types: avoidance, tolerance and scape of drought. 
(Begg & Turner, 1975). The plants avoid drought through stomata closure, roots deepening for water 
extraction, cell wall thickening and increase in cuticle waxiness to maintain its function. These 
characteristics are genetically controlled, varying within cultivars. In this manner, the different barley 
genotypes can present tolerance when surviving to adverse conditions, or susceptibility when suffering 
growth reduction, which, depending on the stress intensity, may take the plant to death (Cambraia, 2005). 

Studies related to drought tolerance or hydric deficiency are getting more evidence, since it is the most 
complex abiotic stress, of larger effect and the most limiting to food production (Pennisi, 2008). The 
drought stress occurs due to low water availability in the substrate and due to excessive loss by 
transpiration in relation to root absorption, where these processes are influenced by environmental factors 
and by plants characteristics. 

The majority of crops possess a growing stage in which the hydric deficiency causes larger reduction in 
yield. In general, the damage level to the productivity tend to be larger when the stress occurs in the 
reproductive stage, standing out the beginning of flowering until the inflorescence development, anthesis, 
fertilization and grain/seed formation. 

The resistance to water shortage by plants can occur at different levels, depending on the species, 
duration, severity, development stage of the plant, organ and especially the genotype in question. 
Oukarroum, Madidi, Schansker and Strasser, (2007), studying the effect of water restriction in barley 
accessions, verified differential effect of the stress on growing variables of this cereal. The same way, 
Cantero, Villar and Fereres (1989) studying the water relations in barley cultivars, in the conditions of the 
dry semi-arid, verified that the amount of water in the plant decreases throughout the cycle and that the 
genotype of barley with higher productive capacity maintained less stomatal resistance and greater water 
potential. 

Barley productivity depends on genetic potential and environmental factors that interfere plants 
performance, especially photosynthesis. The photosynthetic process depends on the interception of the 
photosynthetically active radiation and its conversion to chemical energy, being this dynamics influenced by 
several abiotic and biotic stresses, which can reduce the leaf area in peculiar stages of the growth and 
development of the crop (Lopes & Lima, 2015). Among these factors are the inadequate soil drainage 
conditions, which may compromise barley productivity. 

The majority of growing fields, for species that produces grains, present soils with adequate draining 
conditions. However, approximately 6 % of the earth surface can suffer temporary flooding periods, being 
33 million hectares with lowlands in Brazil, which approximately 5.4 million hectares are in Rio Grande do 
Sul (EMBRAPA, 2005). 

In front of unfavorable conditions for crop production, flooding may be one of the most frequent due to 
the occurrence of larger rainfall volumes. In this context, it is possible to occur reduction of oxygen 
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availability for the roots due to the slow diffusion of oxygen thru the water (Zabalza et al., 2009), what may 
affect the plants growth in many vegetal species (Coelho et al., 2013; Rosa et al., 2015). The oxygen 
shortage due to flooding may compromise the physiologic aspects, carbon assimilation, macronutrients 
absorption as well suppress roots respiration metabolism (Troyjack, Szarescki, Martinazzo, Aumonde, & 
Pedó, 2017). 

Under flooding conditions, the oxygen availability in cells becomes low in order to supply aerobic 
respiration what may result in lack of energy and compromise the vegetal metabolism (Bailey-Serres & 
Voesenek, 2008). The soil flooding severely interferes in plants growth, being considered one of the main 
abiotic stresses, generating reduction in seeds production and harming its chemical composition, physical 
and physiological integrity (Wang, Liu, Li, & Chen, 2012). The alterations in the radicular system and 
reduction in the photoassimilates translocation, as well, reduction in the metabolic activity of plants (Sachs 
& Vartapetian, 2007), due to soil flooding, entails the reduction of chlorophyll content and intervenes the 
efficiency and conversion of luminous radiation to chemical energy (Amarante et al., 2007). In studies with 
barley plants submitted to soil flooding, Yordanova and Popova (2001), it was found a notable reduction in 
photosynthesis activity of RuBPC after the flooding treatment. 

Other environmental condition that meddle the barley plants development is salinity, due to more than 
800 million hectares in the globe (6 % of total farming lands) being under the salinity condition (Zhang et al., 
2010). The salinity induces serious losses to agriculture production, mostly in arid and semi-arid regions, 
where about 25 % of the irrigated area finds itself salinized (Food and Agriculture Organization of the 
United Nations [FAO], 2000). Normally, the solute salts that effectively contribute to salinize the soil consist 
of the varied proportions of the cations sodium (Na+), calcium (Ca2+), magnesium (Mg+) and anions chloride 
(Cl-), sulfate (SO4

--), bicarbonate (HC03
-) and, sometimes, carbonate (CO3

--) (Toppa & Brambilla, 2011) 
The tolerance of the crops to the salinity varies (Bischoff & Warner, 1999), being divided in two distinct 

groups (halophytes and glycophytes), that are based on its answer to the salts high concentrations. 
Halophytes are native to saline soils and complete their life cycle in those environments, in the other hand, 
glycophytes do not have salt tolerance to the same degree as halophytes and, usually, there is a limit salt 
concentration that starts to inhibit growth, to discolor leaves and reduce dry mass accumulation in plants 
(Taiz & Zeiger, 2009). However, some crops belonging to this group can still produce considerable yields at 
high salinity levels in the soil. This ability to adapt is very useful, allowing the selection of genotypes that are 
more tolerant and still produce, in cases where low soil salinity cannot be maintained (Tester & Davenport, 
2003). 

Researches indicates that the loss of agricultural productivity can reach 50% due to soil salinity (Sunkar, 
2005) of a wide variety of crops of economic importance such as maize (Zea mays L.), rice (Oryza sativa L. ) 
and barley (Hordeum vulgare L.), which are often subject to saline stress (Sairam & Tiagi, 2004). 

Barley is considered susceptible to soil salinity, because it presents a progressive reduction of growth with 
the increase in the concentration of salts in the environment, although having indications of more resistant 
cultivars (Loomis & Connor, 1992). The reduction of growth due to salinity can be explained by the 
deviation of energy for the functional maintenance of the tissues, where the decrease in dry mass may 
reflect the metabolic energy cost associated with adaptation to salinity and reduction in carbon gain 
(Richardson & Mccree, 1985). 

The effect of salinity on cellular metabolism of plants is a consequence of osmotic stress. The high 
concentration of solutes in the soil solution leads to a decrease in hydric and osmotic potential, causing soil 
to retain more water (Gheyi, 2000); and ionic stress, due to the high levels of Na+ and Cl- (Willadino & 
Camara, 2010), which can cause ionic toxicity and nutritional imbalance. 

Another environmental factor that negatively affects crops are inadequate temperature conditions, 
especially when coupled with another stressor such as water restriction. Water restriction and heat are 
among the major abiotic stresses that drastically limit crop growth and productivity worldwide (Wang, 
Vinocur, & Altman, 2003). In the field of production, the co-occurrence of several unfavorable 
environmental factors, rather than an individual stress condition, is more detrimental to agricultural 
production (Mittler, 2006). For example, the combined effects of heat and drought on yield are more 
damaging than the effects of each stress alone, as seen in sorghum (Craufurd, Flower, & Peacock, 1993), 
wheat (Prasad, Pisipati, Momčilović, & Ristic, 2011) and barley (Savin & Nicolas, 1996). 

Thermal conditions have an effect on the most diverse plant life processes, from seed germination and 
emergence of seedlings through soil temperature, to the vegetative development and growth of the plant 
as a whole, through soil and air temperatures (Dellagostin, Martinazzo, Pimentel-Junior, Troyjack, & Pedó, 
2017). High temperatures can cause alteration in the functioning of cell membranes, influencing metabolic 
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routes related to respiration and photosynthesis. This environmental factor can modify the physic-chemical 
properties of thylakoids, compromising the transport of electrons, generating ionic imbalance and the 
production of reactive oxygen species. 

High temperature stress can influence plants with C3 cycle, i.e. barley, which presents the apparent 
photorespiration, in the quantity of carbon compounds synthesized by photosynthesis. The lower 
production of assimilates tends to reduce their allocation in seeds, producing lighter seeds and with fewer 
reserves destined to the resumption of embryo growth. In addition, induces high occurrence of seedlings 
with inadequate growth, which in the field will present more chance of forming a plant dominated within 
the total population (Essemine, Ammar, & Bouzid, 2010). 

Soil acidity and aluminum toxicity also limit barley production in important agricultural areas worldwide. 
The toxicity of aluminum (Al) inhibits the division and elongation of root cells, thus reducing water and 
nutrient absorption and grain yield (Reid, 1976). In Brazil, toxic levels of Al occur in more than half of 
agricultural areas, and barley production is limited by this characteristic. Therefore, some level of genetic 
tolerance to toxic levels of Al is of great importance for the production of barley in Brazil and other regions 
of acid soils. Barley cultivars and lines that tolerates toxic levels of Al or low soil pH were related by 
(Slootmaker & Arzadun, 1969; Reid, 1976).  

Considering the negative effect of environmental stresses on barley cultivars, plant breeding aiming stress 
tolerant plants is the most efficient strategy to maintain yield on land prone to inadequate growing 
conditions. Thus, it is important to identify genetic resources with high tolerance to stress and to 
understand the mechanisms that contribute to the adaptation to concomitant stresses in the field, such as 
heat and drought. 

 

BARLEY BREEDING 
 
Barley has its origin from the Middle East, and it is considered one of the first cereals to be cultivated by 

humans, around 10.000 years ago. This cereal belongs to the Poaceae family, genus Hordeum, which 
comprehends 32 species, including diploid, tetrapoid and hexaploid (Bothmer et al., 1995). 

Since its domestication, barley has been cultivated in many environmental conditions and different 
growing systems. The exploration of this variability by breeding activities results in increase in yield 
potential, quality improvement and reduction of losses through better resistance or tolerance levels to 
diseases, pests and environmental stresses (Minella, 2012). The barley cultivars registered for cultivation in 
the 2017 and 2018 growing season, for the States of Rio Grande do Sul, Santa Catarina and Paraná are Anag 
01, Ana 02, Danielle, BRS Brau, BRS Caué, BRS Korbel, BRS Quaranta and BRS Sampa, being the three firsts 
from Fapa-Agrária company and the rest from Embrapa (Minella, 2012). 

In relation to plant breeding, the species of this genus form three genic pools, being H. vulgare and H. 
spontaneum the primary group, H. bulbosum the second and the rest, the third. Since it belongs to the first 
genic group, H. spontaneum has been repeatedly used in breeding programs, by its industrial quality and 
mainly its tolerance to environmental stresses (Bothmer et al., 1995). 

The evolution of barley production systems in the world is supported by the development of cultivars 
with characteristics of interest to farmers, seed producers and industry. In this context, the selection of 
cultivars, in a breeding program, with genetic potential for high production and high physiological quality of 
the grain, which is a requirement for barley production, is important to ensure success in the field, even 
under unfavorable climatic conditions (Moreno, 2016). 

As example from other species, the current genotypes as well the gene banks represent the main sources 
of genes for barley breeding. The breeder has a wide genetic variability (spontaneous and induced) 
accumulated over several years of evolution of the crop. The available variation comes from the natural 
selection and the action of humans throughout the years of cultivation in the most diverse edaphoclimatic 
conditions, production usage and a century of scientific genetic improvement (Minella, 2012). 

Improving crops tolerance to inadequate growing conditions is the most efficient strategy for maintaining 
yields in regions that are under the risk of environmental adversities. Thus, it is important to identify those 
genetic resources that are highly tolerant to such conditions and to understand the mechanisms that 
contribute to its adaptations (Rollins et al., 2013).    

The plant breeding seeking to increase yield requires conferring tolerance to abiotic stresses to the crops. 
These stresses are harmful in different regions of the world, and include drought, heat, excessive salt in soil, 
cold, flooding, toxic substances and lack of mineral nutrition (Ceccarelli, Grando, Baum, & Udupa, 2015). 
The occurrence, severity, stage and duration of stresses varies within regions and within seasons. It rarely 
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occurs isolate (Cattivelli et al., 2002) and are mainly harmful in semi-arid areas and prone to drought 
(Kishor, Rajesh, Reddy, Seiler, & Sreenivasulu, 2014). As diseases, the abiotic stresses can be worsen due to 
global climatic changes. Therefore, working with abiotic stresses will require agronomic adaptation in each 
region, including sowing of different crops, or adaptation of the actual genotypes to new conditions 
(Cattivelli, Ceccarelli, Romagosa, & Stanca, 2010). 

Drought is the most important abiotic stress (Boyer & Westgate, 2004), causing the greatest productivity 
losses, both in developed and developing countries (Cattivelli et al., 2010). In the last century, genetic gains 
in yields and genetic progress were lower in regions suffering from water stress (Slafer, Satorre, & Andrade, 
1994). 

A key challenge is to improve drought tolerance without limiting yield potential, and QTLs for stress-
related traits coinciding with QTLs for productive potential should be considered as priority targets for the 
creation of new cultivars (Cattivelli et al., 2010). 

The drought that occurs during the reproductive development of barley plants is especially relevant 
(Kishor et al., 2014), therefore, improving their tolerance to drought is essential. Fortunately, barley 
germplasm has a high degree of genetic variability for stress tolerance (Stanca et al., 2003). 

Among such diversity, it is important to recognize the characteristics that could actually contribute to 
improving the performance of crops in the field. Not all strategies that are effective from an adaptive point 
of view, for the survival and successful reproduction of the individual, are suitable for reproduction (Levitt 
1972; Mitra, 2001). 

Environmental stress tolerance has often been described as a complex trait and, in fact, the molecular 
mechanisms of plant response to abiotic stresses are still unknown. This, along with the gap between 
laboratory and field research, could be an explanation for the delay in the development of drought tolerant 
varieties compared to other characteristics (Yang et al., 2010). However, single genes, such as those 
controlling flowering time, plant height, ear type and osmotic adjustment, may play important roles in 
adapting to stress-prone environments (Cattivelli et al., 2010). 

There are examples of successful breeding for abiotic crop tolerance (Blum, 2011). It includes classical 
breeding (Rebetzke, Condon, Richards, & Farquhar, 2002), by QTL introgression and marker-assisted 
selection (Courtois et al., 2003; Ribaut & Ragot , 2007), or by altering the expression or transformation of 
unique genes; in a few occasions with beneficial effects in the field (Bahieldin et al., 2005; Hu et al., 2006; 
Xiao, Huang, Tang, & Xiong, 2007). In the case of barley, water stress-related QTLs were identified by 
working with the mapping of populations under different environments (Teulat, Merah, Souyris, & This, 
2001; Baum et al., 2003; Biab et al., 2004; Talamé et al., 2004; Boudiar, Casas, Cantalapiedra, Gracia, & 
Igartua, 2016) and through association mapping (Comadran et al., 2011; Wehner, Balko, Enders, Humbeck, 
& Ordon, 2015).  

However, the significant advantage in the field has not been demonstrated. In addition, the results of 
studies based on gene expression, proteomics or metabolomics, show different results depending on the 
plant material used, the tissue and stage of development evaluated, and the mode of application and 
magnitude of stress (Shaar-Moshe, Hübner, & Peleg, 2015). However, there are some key processes that 
appear to be frequently involved in responses to hydric stress (i.e. thermal shock proteins and metabolism 
and abscisic acid signaling), and several fundamental signaling mechanisms are widely conserved among 
plant species (Nakashima, Yamaguchi-Shinozaki, & Shinozaki, 2014; Gürel, Öztürk, Uçarlı, & Rosellini, 2016). 
This could facilitate the transfer of the knowledge acquired in the model-plants to the cultivated species 
(Kishor et al., 2014). 

A discrimination of susceptible and resistant genotypes is required to perform more detailed analyzes in 
order to improve stress tolerance. Disease-resistant genotypes are generally identified from the impact of 
screening on plants grown in the field, or by direct inoculation of isolated spores in greenhouse, both to test 
resistance to specific pathogens and to validate field results (Silvar et al., 2010; Vasudevan, Cruz, Gruissem, 
& Bhullar, 2014). 

For abiotic stresses, tolerant genotypes have been, as a tradition, empirically identified, and later by more 
sophisticated statistical analyzes based on phenotypes under stress. The more recent statistical approaches, 
which integrates environmental and genetic information into models, aims to identify the main variables to 
estimate the sensitivity and heritability of abiotic stress tolerance (Cattivelli et al., 2010). 

In addition, new genome-editing techniques are stirring functional genetic research due to the ease of 
obtaining mutants for target genes with high specificity and accuracy, and even allowing the generation of 
transgene-free mutants in difficult-to-transform plant species (Zhang et al. 2010). Therefore, it represents 
an alternative to mutagenesis approaches, to standard breeding processes based on recombination, since it 
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allows generating new allelic variants and for some genetic transformation purpose (Lawrenson et al., 
2015). 

Studies relating the identification of target genes, involved in the response to abiotic stresses, have been 
developed. Gene expression is a process by which information contained in a gene is translated into 
structures present in a particular cell type (mRNA or proteins). In multicellular organisms, the controlled 
gene expression regulates a genetic program fundamental for the embryonic development and 
differentiation of the individual. 

Many events related to plant growth, development or even in response to various stimuli are the result of 
altered gene expression. Gene translation can be studied at protein level and from cell transcripts. The 
qualitative and quantitative determination of transcript levels of plant cells allows differentially expressed 
genes to be identified, and consequently their metabolic function can be investigated (Kuhn et al., 2001). 
The response of plants to stresses is very complex and involves the expression of many genes and pathways 
for various mechanisms and interactions with environments. Levels of osmo protective molecules usually 
increase during stress. 

At the cellular level, changes in the expression of certain genes induce metabolic changes in response to 
stress factors. The transcription known as DREB (Dehydration Responsive Element Binding Protein) has 
been studied in several species against environmental stress conditions.  

The DREB gene encodes a regulatory protein, the DREB protein, which is a transcription factor that is 
involved in the activation of other genes related to stress tolerance (Agarwal, Gupta, Lopato, & Agarwal, 
2017). Since it participates in the early stages of the process of perception and signaling, transcription 
factors end up regulating the expression of various groups of genes. This makes interesting the use of 
transcription factors in genetic engineering studies, where it is sought to improve characteristics of 
tolerance to stresses such as drought, salinity, and cold, among others. 

DREB proteins act at the top of the chain of molecular events, inducing defense responses against cell 
dehydration. Genes homologous to this family have been identified in barley, canola, wheat and rice 
(OsDREB1A, OsDREB1B, OsDREB1C, OsDREB1D and OsDREB2A). 

In the genetic-physiological context, genotypes adapted to stress conditions refer to the ability to produce 
adequately against these conditions (Bassett, 2013). However, in drought-tolerant genotypes, for example, 
they usually have higher production stability, but generally less productive potential (Fritsche-Neto & 
Borém, 2011). 

The knowledge of genetic diversity and its distribution in a species are useful both for the conservation of 
germplasm and for the identification of genetic materials that have characteristics of interest to be included 
in breeding programs. 

The diversity available is represented by approximately 25,000 varieties in genetic stocks, currently 
maintained in several germplasm banks. In addition to these accessions, the collections have germplasm of 
the species with several genes of agronomic interest introduced from related species, including H. 
spontaneum, H. bulbosum, H. leporinum, H. murinum and H. chilense. 

The germplasm is conserved in basic and active banks that are part of the International Board for Plant 
Genetic Resources (IDPGR) and Consultative Group of International Agriculture Research (CGIAR). Seed 
samples can be obtained from active banks in several countries, standing out the following: 

United States: USDA Barley Collection, Small Grain Collection - USDA-ARS, Aberdeen, Idaho. It is the 
largest of all, including wild species and genetic stocks. 

Canada: Canadian Barley Collection, Plant Gene Resources of Canada, Agriculture Canada. Ottawa, 
Ontario. 

Japan: National Institute of Agricultural Sciences, Division of Genetics, Seed Storage Laboratory. 
Kannondai, Tsukuba-gun. 

Russia: N. L Vavilov Institute of Plant Industry (VIR). Saint Petersburg 
Germany: Zentral Institut fur Genetik und Kulturpflanzenforschung. Gaterlsleben, and Institut fur 

Pflanzenbau und Pflanzenzuchtung. Bundesforschungsanstalt fur Landwirtschaft. Braunschweig. 
England: Institute of Plant Science Research (IPSR), Agricultural and Research Council (AFRC). Norwich, 

UK. 
Syria: International Center for Agricultural Research in the Dry Areas (ICARDA). Aleppo. 
Netherlands: Foundation for Agricultural Plant Breeding (SPV), Laboratory ofHaaf. Wageningen. 
Mexico: Centro Internacional de Mejoramiento de Maiz y Trigo (CIMMYT). Ciudad de Mexico. 
Brazil: Banco Ativo de Germoplasma de Cereais de Inverno, Embrapa Trigo, Passo Fundo, RS. 
In detriment to the barley production, the genetic improvement is aimed at genotypes that meet, in 
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quality and quantity, the demands of the brewing industry. Cultivars for animal or human feeding have 
been prioritized by few breeding programs (Mori & Minella, 2012). 

High performance, adequate quality and performance stability are the main priorities for breeding in the 
country. Thus, in breeding programs it is sought to combine in a new cultivar a set of morphological, 
physiological and industrial characteristics, which are visualized in the hypothetically ideal type of plant for 
the specific growing region, with characteristics of tolerance to environmental stresses. 

Historically, the first generation of barley cultivars in Brazil was based on the introduction of cultivars and 
lineages from other countries that were evaluated for their performance. Within it, the selection of pure 
lines or heterogenous populations introduced was widely used, however, it was by the artificial 
hybridization (crosses), initiated in the late 50's, that modern cultivars were generated. 

Currently, the development of cultivars for the brewing industry is based on selection in hybrid 
populations (crosses) developed in the country. As barley is self-polinated, the use of artificial 
hybridizations among previously selected genotypes has been reported for more than two centuries 
(Scheeren, Caierão, Silva, & Bonow, 2012). This process consists of emasculation (removal of the anthers) in 
the heads of the designed maternal parent and pollination of these with pollen from the paternal parent 
(Minella, 1998). It is recognized that these processes were, and continue to be, the main responsible for the 
development of the great majority of the cultivars generated until today throughout the world. The 
crossbreeding between two parents (A x B) is the hybridization system commonly used in Brazil. However, it 
is known to be used the dual crosses (A/B x C/D) and triple (A/B x C) crosses (Borém, 1997) 

Genetic improvement of winter cereals has advanced to the use of molecular markers for desirable traits 
in a breeding process. Studies with cereals presents use of molecular markers for assisted selection, for 
example the resistance to gibberella (Buerstmayr, Ban, & Anderson, 2009), and drought tolerance (Gupta,  
Balyan, & Gahlaut, 2017). 

Quantitative Trait Loci (QTL) are regions of the genome responsible for the variation of a quantitative trait 
(Doeger, 2002). The identification of QTL consisting in looking for genomic regions that are associated to 
the control of quantitative characters. It means the searching for association between genotype and 
phenotype in a population with genetic variation. The identification of a QTL region does not necessarily 
lead to the recognition of a specific gene, since such a region may have dozens of genes (Liu, 1998; Broman 
& Sen, 2009). 

The mapping of QTL can lead to a better understanding of the inheritance of quantitative traits, as well as 
the correlation between these traits, since it is possible to estimate if this correlation is caused by linkage or 
pleiotropic effects. This information is important for the definition of breeding strategies, since the 
correlation caused by the linkage is transient and the correlation caused by pleiotropy is permanent. It is 
also possible to identify the chromosomal location of these QTLs, mode of action (additivity, dominance, 
heterosis and epistasis) and to unreel the genotype x environment interaction for each QTL. In addition, it is 
possible to verify the stability of the QTL in different environments and provide important information for 
the use of this knowledge in the crop breeding (Carneiro & Vieira, 2002). 

Mapping QTL in experimental crosses can be an excellent initial approach to more complex investigations. 
The basic idea is to obtain phenotypic data in a progeny and to identify regions in the genome where the 
genotype of the marker can be associated with the phenotype of the individual (Broman & Sen, 2009). Like 
other quantitative traits, resistance to environmental stresses may be associated with QTL. The great 
expectation regarding the mapping of QTL is that this technology can contribute to the understanding of 
genetic architecture and the nature of resistance to environmental stresses. 

In general, the selection of genotypes adapted to stress conditions can be done directly (plants under 
stress), indirect (without imposition of stress) and combined. However, to be useful to the selection, the 
variables must have high heritability, ease of measurement and high correlation with the plant response to 
stress (Ferrão et al., 2016). 

In order to select for abiotic stress conditions, physiological characteristics (stomatal conductance, 
photosynthetic capacity, plasmatic membrane composition, stomatal closure) may be used; morphological 
(leaf area, cuticle thickness, development of central vein, stomatal density); or morphoagronomics (root 
development, root/shoot ratio, anthesis-depth interval, stem size) (Bassett, 2013). 

The choice of the plant breeding method to be used for selection of cultivars adapted to abiotic stress 
conditions is a preponderant factor, where it is necessary to consider the heritability and inheritance type 
of the most important characteristics, which should be studied previously. Among the different classical 
methods of breeding, the most commonly used for adaptation are genealogical (Fritsche Neto & Borém, 
2011). 
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FINAL COMMENTS 

Tolerance to abiotic stresses is a quantitative trait controlled by many genes, with low heritability and 
high interaction between genotype and environment. The improvement of crops, mainly barley, aiming at 
tolerance to environmental stresses is still short approached in breeding programs, since the focus of 
breeding is focused on the industrial quality of this cereal. It presents a series of difficulties due to the 
interaction between abiotic factors such as water deficiency, temperature, irradiation, salinity, toxicity and 
/ or nutrient deficiency, among others. In this sense, the breeding of barley plants has a wide path to go in 
order to improve the genotypes to maintain their high productivity, even in unfavorable climatic conditions. 
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