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Abstract: 

Drought decreases the yield of aerial biomass (BM) and its components, and the quality of 

forage in alfalfa. The genetic variation in BM and its components was studied in 10 varieties 

of alfalfa under irrigation (I) and drought (D) in a greenhouse. A randomized complete block 

experimental design was used, with four repetitions in I and four in D. The experimental unit 

was an individual plant in a PVC pipe. Sowing was carried out on March 15, 2017, and 

transplanting in the pipes, 20 days after sowing. The fertilization dose 60-140-00 was applied 

at 44, 240 and 420 dat (days after transplanting). D reduced (P≤0.01) BM, leaf dry matter 

yield (LDMY), number of stems (NS) and radiation use efficiency (RUE). The plants in D 

did not recover their productive capacity after experiencing the water deficit, even after the 

recovery irrigation. D also decreased (P≤0.01) the phenotypic variance for BM and its 

components; the additive variance was greater (P≤0.01) than the dominance variance for all 

traits in I and D. The BM, L:S ratio, plant height (PH), NS and RUE had higher (P≤0.01) 

heritability in I and D. The Genex, Atlixco, Júpiter and Milenia varieties were the most 

productive (P≤0.01) in D and could be used for forage production in water-scarce areas or as 

parental lines for forage yield improvement in selection programs. 
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Introduction 

 

 

In Mexico, alfalfa (Medicago sativa L.) for forage is grown mainly under irrigation 

conditions and consumes large volumes of water. In regions with irrigation systems, a plant 

canopy of alfalfa can consume an amount of water of 10 mm day-1 at its peak of maximum 

development(1). In these growing conditions, the fall in the amount of precipitation over long 

periods of time decreases the water storage capacity in the subsoil and, therefore, the 

availability of irrigation. Likewise, when drought extends, the scarcity of water for irrigation 

is more severe and alfalfa crops may experience some degree of water stress, which can be 

reflected in a significant decrease in yield and forage quality(2). 

 

In the near future, the water resource will be less available for the production of alfalfa forage, 

due to the occurrence of frequent periods of drought, climate change and greater demands 

caused by the increase in the human population(3). One way to meet the demand in alfalfa 

forage production will be through the obtaining of new varieties with drought tolerance, high 

capacity of osmotic adjustment and gas exchange, high water use efficiency (e.g., more dry 

matter per unit of transpired or evapotranspirated water) and productive capacity(3). Alfalfa 

is considered a drought-resistant species, but its aerial biomass yield can fluctuate 

considerably under water deficit conditions; under these conditions, alfalfa has some 

agronomic advantages compared to other annual crops, as it has a root system that allows it 

to explore deeper soil layers to absorb water and tolerate drought to a greater degree; in 

addition to reducing the stomatal conductance and minimizing the transpiration rate(4). 

 

The most common reaction to a soil water deficit is the increase in the ratio of dry weight of 

root biomass/dry weight of aerial biomass, as a result of a greater reduction in the growth of 

aerial organs than in the growth of roots under drought. The increase in the root/aerial part 

ratio implies greater increases in root density with respect to aerial biomass, which is 

consequently reflected in a better capacity to maintain the water status of the plant under a 

given evapotranspiratory demand(5). Drought also reduces the yield of aerial biomass and its 

components, relative rates of growth, transpiration and elongation of the stem, chlorophyll 

content, relative water content, and dry weight and diameter of the root(6), and concentration 

of crude protein and water-soluble carbohydrates(7). 
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On the other hand, drought-resistant alfalfa varieties exhibit high concentration of water-

soluble carbohydrates in storage organs under conditions of severe water stress. This situation 

is combined with a water conservation strategy that implies less evapotranspiration in the 

initial phases of drought stress, due to a limited development of the root system that results 

in more available moisture, for its use under severe conditions of water stress(8). Biomass 

accumulation rates in plant roots and aerial organs were higher in 2-yr-old grasslands and 

aerial biomass accumulation was higher and maintained the best soil moisture conditions in 

4-yr-old grasslands, once the crop reached the maximum development of the root system and 

cover of the soil surface(9). Drought-tolerant germplasm shows a lower degree of wilting 

under initial conditions of water deficit, more plants with the green plant canopy under severe 

water stress conditions and more stems per plant under stress conditions or favorable 

moisture conditions(3). Despite the existence of a wide genetic variability in morphological 

and physiological traits associated with drought resistance, it is difficult to achieve the 

combination of adaptive traits to specific environments in the same variety with wide 

adaptation to environments vulnerable to drought(8). 

 

The genetic improvement of drought resistance and the yield of aerial biomass and its 

components requires special attention to traits with high heritability, general combining 

ability, additive genetic effects, maternal genetic effects, low genotype*environment 

interaction and ease of selection. In the analysis of the genetic variation of a population of 

the same species, additive genetic variance is the most important because it is the main 

determinant of the genetic properties observable in the population and of the response to 

selection(10). The additive variance is the only one that can be estimated directly from the 

observations made in the population and can be used in the estimation of heritability, which 

represents the reliability of the phenotypic value as an indication of the reproductive value, 

which determines its influence on the next generation(10). The similarity observed in the 

heritability values, for the traits measured in the plant under irrigation and drought, can be 

used as an indication of the effectiveness in the selection of new progenies, regardless of the 

selection environment(10). Broad-sense heritability (H2) measures the contribution of the 

genotype to the total phenotypic variance (𝜎𝑝
2); theoretically, it can vary in a range from zero, 

when there is no genetic variation present, to 1, when all the observed variation is genotypic 

in origin(11). 

 

Selection for drought resistance can be achieved by increasing water use efficiency, drought 

severity index, mean productivity, harmonic mean, geometric mean, stress tolerance index, 

modified stress tolerance index, superiority index and abiotic tolerance index in water deficit 

conditions(12). Selection for morphological components of aerial biomass yield can be 

achieved by including the number of secondary stems and crown diameter per plant in the 

selection criteria(13). Other components of aerial biomass yield with moderate to high 

heritability that could be successfully used in selection to increase yield are absolute growth 
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rate, radiation use efficiency, number of stems, L:S ratio and plant height, in addition to the 

presence of maternal genetic effects favorable to aerial biomass yield(14). The selection of 

new varieties with drought resistance and high yield of aerial biomass and its components 

can be achieved by identifying the genetic traits with greater heritability and contribution to 

the productivity of the genotype. The objective of the present research was to study the 

genetic variability in the production of aerial biomass and its components, in commercial 

varieties of alfalfa under irrigation and drought in greenhouse conditions. 

 

 

Material and methods 
 

 

An experiment was carried out under irrigation and drought conditions in a greenhouse with 

a metal structure and transparent glass without whitewashing, and with a mechanical 

ventilation system in the College of Postgraduates, Montecillo, Texcoco, State of Mexico 

(19° 29’ N, 98° 53’ W and altitude of 2,250 masl) in the 2017-2019 period. The locality is 

characterized by having a subhumid temperate climate with long cool summer (Cb (wo) (w) 

(i´)g), average annual rainfall of 637 mm and winter rainfall of less than 5 %; average annual 

temperature with fluctuations from 12 to 18 °C and thermal oscillation between 5 and 7 °C(15). 

The genetic material used included the following commercial varieties of alfalfa: San Miguel, 

Oaxaca, Atlixco, Aragón, Victoria, Genex, Júpiter, Milenia, San Isidro and Cuf 101, with 

germination percentage greater than 95 %. A randomized complete block experimental 

design was used, with four repetitions and two soil moisture treatments (irrigation and 

drought). The experimental unit was an individual plant transplanted in a cylindrical 

polyethylene bag inside a PVC pipe 1 m high and 4” in diameter, to favor the expression of 

the genetic potential of the morphological characteristics of the variety. The sowing was 

carried out on March 15, 2017, by placing five seeds of each variety in individual cells of 

seedbed boxes. At 20 days after sowing (das), the most vigorous seedling of each cell was 

selected and transplanted individually into the PVC pipes. The PVC pipes were filled with 

dry soil of sandy-loamy texture, bulk density of 1.12 T m-3 and pH of 7.3; 18.8 and 0.22 % 

of organic matter and total nitrogen; 176.3 mg kg-1 and 2,420 mg kg-1 of phosphorus and 

potassium; 54.6 Cmol(+) kg-1 and 0.53 dS m-1 of cation exchange capacity and electrical 

conductivity; and 52 and 38.2 % of field capacity (FC) and permanent wilting percentage 

(PWP) (Central University Laboratory, Chapingo Autonomous University, Chapingo, 

Mexico, 2016). The fertilization dose 60-140-00 was applied at 44 days after transplantation 

(dat), using urea and calcium triple superphosphate as sources of nitrogen and phosphorus, 

diluted in the irrigation water; a second and third fertilization was done at 240 and 420 dat 

with the same dose of fertilizer. Two treatments of soil moisture were used: irrigation, where 

the soil water content remained close to FC from the date of transplantation (20 das) to 406 

dat (I1) and from 406 dat until the end of the experiment (798 dat) (I2), and drought, where 
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the application of water to plants was suspended in a first period for 61 d [345 to 406 dat; 

March to May 2018; (D1)] and a second period for 68 days [620-688 dat; November 2018 to 

February 2019; (D2)]. Recovery irrigation (RI) was applied to the plants at the end of the 

treatments of D1 (406 dat, RI1) and D2 (688 dat, RI2). 

 

Cuts were made in the aerial part of the plant every 5 wk in the autumn-winter period and 

every four weeks in the spring-summer period, at a height of 5 cm above ground level. In 

each cut, the plant height (PH, cm) was measured from the soil surface to the last leaf exposed 

on the highest stem with a ruler graduated to 5 mm; in addition, the total number of stems 

(NS) was counted and the leaf:stem ratio (L:S) was determined in a subsample of four 

secondary stems, by dividing the leaf dry weight (LDW) by the stem dry weight (SDW), 

obtained after a drying period of 48 h at a temperature of 65 °C (L:S = LDW/SDW). The 

total dry matter yield (TDMY, g) or aerial biomass (BM) was calculated by adding the dry 

weight of leaves and secondary stems of the subsample used to determine the L:S ratio, and 

the dry weight of the leaves and secondary stems of the remaining sample of the plant. The 

leaf dry matter yield (LDMY, g) was represented by the dry weight of leaves. The radiation 

use efficiency (RUE, g d DM MJ-1) was calculated by dividing the TDMY by the solar 

radiation accumulated daily (data obtained from the meteorological station of the Chapingo 

Autonomous University) during the period between subsequent cuts(16). The maximum and 

minimum air temperature in the greenhouse was recorded daily with a maximum and 

minimum mercury column thermometer, Taylor brand model 5458P, placed next to the plants 

at a height of 2 m above floor level. The maximum temperature during the study ranged from 

19 to 40 °C and the minimum from -4 to 15 °C, with an average of 32 and 8.5 °C. The water 

content in the soil was determined by the gravimetric method every third day with a Tor-Rey 

electronic balance, PCR Series model. In irrigation, the water content of the soil was kept 

close to FC, by adding water in each weighing during the experiment, while in drought, the 

plants were treated in the same way as in irrigation, except in the periods in which the 

application of water was suspended [345 to 406 (D1) and 620-688 (D2) dat] and only the 

decrease in soil weight in each PVC pipe (data not shown) was recorded. 

 

The phenotypic variance (σ𝑝
2) and its components were estimated for the variables measured 

in all the cuts in irrigation (I1 and I2) and drought (D1 and D2), under the following statistical 

model(17,18): 

 

Yijk = µ + DCi + R(DC)ij + Gk + G*DCik + Eijk 

 

Where, 

 

Yijk is the value of the response variable; 

μ is the overall mean;  
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DCi is the effect of the date of cut; 

R(DC)ij is the effect of repetitions within the date of cut; 

Gk is the effect of genotypes; 

G*DCik is the effect of the interaction between genotypes and dates of cut; 

Eijk is the experimental error. 

 

Estimates of phenotypic variance and its components were made under the assumption of 

Hardy-Weinberg equilibrium, linkage equilibrium and absence of epistasis(17,19). The values 

of phenotypic variance (σ𝑝
2) and its components, and heritability (h2) were obtained from the 

values of the expectations of the mean squares of the analysis of phenotypic variance and its 

components as follows: 

 

σ𝑝
2  =  σ𝐴

2  +  σe
2  +  σ𝑔∗𝑑𝑐

2  

 

Where, σ𝐴
2 is the additive variance (σA

2 = (M1 – M2)/r*d), σe
2 is the environmental variance 

(σe
2 = M3) and σ𝑔∗𝑑𝑐

2  is the variance of the interaction of genotypes*dates of cut (σ𝑔∗𝑑𝑐
2  = (M2 

– M3)/r); M1, M2 and M3 represent the expectations of the mean squares, d represents the date 

of cut and r represents the number of repetitions(17). 

 

Narrow-sense heritability (h2) was calculated according to the following equation: 

h2 = (σ𝐴
2) / (σ𝑝

2). Where, σ𝐴
2 is the additive variance and σ𝑝

2  is the phenotypic variance. 

 

The dominance variance (𝜎𝐷
2) was estimated(17) by using the additive variance (𝜎𝐴) between 

half-sib families(20): 

 

𝜎𝐺
2 =

3

4
𝜎𝐴

2 + 𝜎𝐷
2 and 𝜎𝐴

2 =
1

4
𝜎𝐺

2 

 

Where, 𝜎𝐺
2 is the genetic variance and the value of 𝜎𝐷

2 is obtained as follows(20): 

 

𝜎𝐷
2 =

1

4
𝜎𝐴

2 

 

Narrow-sense heritability (h2) was calculated under the assumption that the varieties used are 

a random and representative sample of the genetic variability of alfalfa and considering that 

this is an allogamous species(17). Thus, the component of variance obtained from the 

mathematical expectation of the mean square of the factor of varieties is an estimator of the 

additive variance(21). 

 

The data obtained were analyzed with the GLM(22) procedure, version for Windows 10, with 

a completely randomized design in factorial arrangement. The means of soil moisture 
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treatments, genotypes and genotypes within soil moisture treatments were compared with the 

honest minimum significant difference (HMSD, P<0.05) according to the following model: 

 

Yij = µ + Ti + Gj + T*Gjj + Eij 

 

Where, 

 

Yij is the value of the response variable; 

μ is the overall mean; 

Ti represents soil moisture treatments; 

Gj represents genotypes; 

T*Gjj represents the interaction between soil moisture treatments and genotypes; 

Eij is the experimental error(23). 

 

 

Results and discussion 
 

 

The soil moisture treatments were different (P≤0.01) in total dry matter yield and leaf dry 

matter yield in the cuts made between 406 and 798 dat; differences (P≤0.01) in the L:S ratio 

at 406, 434, 462, 490 and 686 dat; differences (P≤0.01) in plant height at 406, 434, 462, 686, 

742, 770 and 798 dat; and differences (P≤0.01) in number of stems and radiation use 

efficiency between 406 and 798 dat (Table 1). The varieties showed differences (P≤0.01) in 

total dry matter yield, L:S ratio, plant height and radiation use efficiency in all cuts made 

between 112 and 798 dat; differences (P≤0.01) in leaf dry matter yield and number of stems 

in all cuts, except for cuts made at 245, 406, 434, 553 and 588, and 140 dat. The interaction 

of soil moisture treatments*varieties showed differences (P≤0.01) in total dry matter yield at 

112, 140, 210, 406 and 746 dat and differences (P≤0.05) at 175, 315, 434 and 770 dat; 

differences (P≤0.01) in leaf dry matter yield at 112, 140 and 210 dat, and differences 

(P≤0.05) at 175, 742 and 770 dat; differences (P≤0.01) in the L:S ratio at 112, 140, 175, 210, 

245, 280, 315, 406, 434, 490, 686, 770 and 798 dat, differences (P≤0.05) at 588 dat; 

differences (P≤0.01) in plant height at 112, 245, 280, 490, 742 and 798 dat, and differences 

(P≤0.05) at 112, 210, 315 and 406 dat; differences (P≤0.01) in number of stems at 175, 315 

and 434 dat, and differences (P≤0.05) at 140, 245, 462, 518 and 686 dat; and differences 

(P≤0.01) in radiation use efficiency at 140, 210, and 742 dat, and differences (P≤0.05) at 

112, 175, 315, 434, and 770 dat. 

 

The comparison of the total dry matter yield and its components in irrigation vs. drought 

showed that the water deficit of the soil in D1 and D2 reduced (P≤0.01) the total dry matter 

yield and leaf dry matter yield, number of stems and radiation use efficiency from 406 to 798 
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dat; plants under drought did not recover their productive capacity after experiencing the 

water deficit in D1 and D2 with respect to plants under irrigation (I1 and I2), even after 

recovery irrigations (RI1 and RI2) (Figure 1). The L:S ratio in plants under drought was higher 

(P≤0.01) than in irrigation (I1 and I2), and these differences between irrigation and drought 

were more noticeable during the application of drought (D1 and D2). The plant height in D1 

and D2 was lower (P≤0.01) than in irrigation (I1 and I2) and subsequently recovered its growth 

capacity with respect to its behavior in irrigation. The survival of alfalfa through periods of 

water deficit in field conditions depends on the length and intensity of the drought, the 

genotype, the type of soil (water capacity of the soil and depth of the root system) and the 

environment (salinity and temperature); its survival to short periods (2-3 weeks) without 

irrigation is reflected in its high recovery capacity when receiving irrigation again and 

producing normal yields in subsequent years(24). The greater recovery capacity of alfalfa 

when receiving water after experiencing periods of water deficit(24) may be due to the fact 

that plants that grow in field conditions have greater access to moisture and nutrients in the 

soil profile, unlike plants that grow in greenhouse conditions in pots or PVC pipes, where 

plant roots grow in an environment limited in soil volume, moisture and nutrients; this is 

reflected in a reduction in the accumulation of aerial biomass due to a decrease in stomatal 

conductance, transpiration and assimilation(3). The high values in the L:S ratio in drought 

could be due to a lower partition of assimilates to the stem with respect to the leaf; plants 

subjected to water stress show some morphological changes in response to water deficit, by 

reducing the loss or increasing the absorption of water to maintain the water status of the 

tissue(25). Plant height was the only morphological characteristic that showed recovery 

capacity after water application (RI1 and RI2), reaching values similar to those observed in 

plants under irrigation; soil water deficit affects different morphological characteristics of 

plants, such as plant height, stem diameter, number, size and area of leaves, dry matter 

production, assimilate partitioning, flower and fruit production, and physiological 

maturity(25). 
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Figure 1: Yield of total dry matter (a) and leaf dry matter (b), leaf:stem ratio (c), plant 

height (d), number of stems (e) and radiation use efficiency (f) in 18 cuts in irrigation 

(R1=I1 and R2=I2) and drought (S1=D1 and S2=D2), average of 10 varieties of alfalfa 

 
Montecillo, Texcoco, State of Mexico [RR1=Recovery irrigation in I1 (RI1); RR2=Recovery irrigation in I2 

(RI1); *(P≤0.05); **(P≤0.01); ns (not significant)]. 

 

On the other hand, in irrigation (I1 and I2), a wide variability (P≤0.01) was observed between 

genotypes for total dry matter yield (Figures 2a and 3a), L:S ratio (Figures 2c and 3c), plant 

height (Figures 2d and 3d) and radiation use efficiency (Figures 2f and 3f) in all cuts in I1 

(112 to 434 dat) and I2 (462 to 798 dat). The Genex, Atlixco, Júpiter, Oaxaca, San Miguel 

and Milenia varieties produced more (P≤0.01) total dry matter yield than the other varieties 

in all cuts in I1 (Figure 2a), and only the Genex, Atlixco, Júpiter and Milenia varieties showed 
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high (P≤0.01) total dry matter yield in I2 (Figure 3a). The high total dry matter yield in the 

Genex, Atlixco, Júpiter, Oaxaca, San Miguel and Milenia varieties (Figure 2a) was 

accompanied by high (P≤0.01) leaf dry matter yield (Figure 2b), plant height (Figure 2d), 

number of stems (Figure 2e) and radiation use efficiency (Figure 2f) in I1. The high (P≤0.01) 

total dry matter yield of the Genex, Atlixco, Júpiter and Milenia varieties (Figure 3a) was 

also accompanied by high (P≤0.01) leaf dry matter yield (Figure 3b), plant height (Figure 

3d), number of stems (Figure 3e) and radiation use efficiency (Figure 3f) in I2. The Victoria, 

Aragón and San Isidro (Figure 2c), and Aragón and San Isidro (Figure 3c) varieties showed 

a higher (P≤0.01) L:S ratio than the other varieties in I1 and I2. In a study with 11 alfalfa 

cultivars under greenhouse irrigation conditions, it was determined that BCB, ALF and AFR 

varieties showed higher yields of total dry matter, root dry matter, stem elongation rate, 

relative water content and root diameter than the other alfalfa varieties(6). The varieties F 

1412-02, F 1535-03, Roxana and F 2007-08, and F 1414-02, F 1711-05, F 1715-05 and F 

2010-08 stood out from a group of 74 genotypes under greenhouse irrigation conditions, 

producing higher total dry matter yield, plant height and number of stems than the rest of the 

varieties(4). 
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Figure 2: Yield of total dry matter (a) and leaf dry matter (b), leaf:stem ratio (c), plant 

height (d), number of stems (e) and radiation use efficiency (f) in nine cuts in irrigation (I1), 

for 10 varieties of alfalfa 

 
R1= Irrigation in the cutting period from 112 to 406 dat (I1). 
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Figure 3: Yield of total dry matter (a) and leaf dry matter (b), leaf:stem ratio (c), plant 

height (d), number of stems (e) and radiation use efficiency (f) in nine cuts in irrigation (I2), 

for 10 varieties of alfalfa 

 
R2= Irrigation in the cutting period from 462 to 798 dat (I2). 

 

In drought, a wide variability (P≤0.01) was also observed between genotypes for total dry 

matter yield (Figures 4a and 5a), L:S ratio (Figures 4c and 5c), plant height (Figures 4d and 

5d) and radiation use efficiency (Figures 4f and 5f) in all cuts in D1 (112 to 406 dat) and D2 

(462 to 798 dat). The Genex, Atlixco, Júpiter, Oaxaca, San Miguel and Milenia varieties 

produced higher (P≤0.01) total dry matter yield than the other varieties in all cuts in D1 

(Figure 4a), and only the Genex, Atlixco, Júpiter and Milenia varieties showed high (P≤0.01) 

total dry matter yield in D2 (Figure 5a). The high total dry matter yield of the Atlixco, Júpiter, 
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Oaxaca, San Miguel and Milenia varieties (Figure 4a) was accompanied by higher (P≤0.01) 

leaf dry matter yield (Figure 4b), plant height (Figure 4d), number of stems (Figure 4e) and 

radiation use efficiency (Figure 4f) in I1. In I2, the highest (P≤0.01) total dry matter yield of 

the Genex, Atlixco, Júpiter and Milenia varieties (Figure 5a) was also accompanied by high 

(P≤0.01) leaf dry matter yield (Figure 5b), plant height (Figure 5d), number of stems (Figure 

5e) and radiation use efficiency (Figure 5f). The Milenia, Victoria, Cuf-101, Aragón and San 

Isidro (Figure 4c), and Victoria, Aragón and San Isidro (Figure 5c) varieties showed a higher 

(P≤0.01) L:S ratio than the other varieties in I1 and I2. Other studies in different varieties of 

alfalfa under greenhouse drought detected genotypes that reduce less stem elongation, 

relative growth rate and aerial biomass with respect to irrigation, in addition to maintaining 

greater root growth capacity, relative water content, chlorophyll content and water use 

efficiency(6). The Gold Queen variety produced higher yield of dry matter and water-soluble 

carbohydrates and was more drought-resistant than the Suntory variety under field 

conditions; drought decreased crude protein content and increased fiber fraction in response 

to water deficiency in the two alfalfa varieties(7). The Amerist (USA), Sardi10 and Siriver 

(Australia), and Melissa (France) genotypes showed greater drought tolerance than other 

alfalfa varieties, because they produced thinner leaves, accumulated more proline and 

potassium, and maintained greater efficiency in the use of water in conditions of water 

deficiencies(26). The Aragon and San Isidro varieties consistently showed high average values 

for the L:S ratio in irrigation and drought; this morphological characteristic of the plant is 

highly appreciated as an estimator of forage quality and can be used to improve yield, and 

dry matter quality in lines, half-sib families or clones in large populations, considering its 

high values of narrow-sense heritability (h2=0.75)(27). 
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Figure 4: Yield of total dry matter (a) and leaf dry matter (b), leaf:stem ratio (c), plant 

height (d), number of stems (e) and radiation use efficiency (f) in nine cuts in drought (D1), 

for 10 varieties of alfalfa 

 
S1= Drought in the cutting period from 112 to 406 dat (D1). 
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Figure 5: Yield of total dry matter (a) and leaf dry matter (b), leaf:stem ratio (c), plant 

height (d), number of stems (e) and radiation use efficiency (f) in nine cuts in drought (D2), 

for 10 varieties of alfalfa 

 
S2= Drought in the cutting period from 462 to 798 dat (D2). 

 

The phenotypic variance for total dry matter yield and leaf dry matter yield, L:S ratio, plant 

height, number of stems and radiation use efficiency in irrigation (I1 and I2) was higher 

(P≤0.05) than in drought (D1 and D2). The phenotypic variance for the total dry matter yield 

and its components was greater (P≤0.05) than the other components of variance in irrigation 

and drought. However, environmental variance contributed more (P≤0.05) to phenotypic 

variance than genetic variance in both irrigation and drought. The additive genetic variance 

was greater (P≤0.05) than the dominance genetic variance for all traits measured in plants in 
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irrigation and drought. The variance of the interaction was lower than the phenotypic, 

environmental and additive genetic variances, for all the traits measured in the plants in 

irrigation and drought (Table 2). In autotetraploid alfalfa, similar results were obtained when 

estimating the components of variance; the dominance variance was much lower than the 

additive variance for the yield of dry matter and its components(28). The additive variance 

was significantly greater than zero and the genetic variance for dry matter yield was mainly 

additive in an F1 population of alfalfa under controlled growth conditions(29). Heritability (h2) 

was low for leaf dry matter yield to moderate for total dry matter yield, L:S ratio, plant height, 

number of stems, and radiation use efficiency in irrigation and drought (Table 2). These 

heritability values are similar to those obtained for aerial biomass and plant height in annual 

alfalfa (Medicago sativa subsp. falcata) under field conditions(28) and could be useful in 

improving the yield of alfalfa dry matter with the support of genomic selection(27). 

 

Table 2: Estimated genetic parameters for total dry matter yield (TDMY) and leaf dry 

matter yield (LDMY), leaf:stem ratio (L:S), plant height (PH), number of stems (NS) and 

radiation use efficiency (RUE) in irrigation (I1 and I2), and drought (D1 and D2), average of 

10 varieties of alfalfa 

Genetic parameters TDMY LDMY L:S PH NS RUE 

 Irrigation I1 and I2 

Phenotypic variance (𝜎𝑝
2) 3.6 (0.7) 0.5 (0.1) 0.01 (0.001) 

86.4 

(7.6) 
16.0 (1.6) 

0.021 

(0.001) 

Genotypic variance (𝜎𝑔
2)       

   additive (𝜎𝐴
2) 1.2 (0.4) 0.1 (0.05 

0.005 

(0.0003) 

31.6 

(1.2) 
4.5 (0.8) 0.01 (0.001) 

   dominance (𝜎𝐷
2) 0.3 0.02 0.001 7.9 1.1 0.002 

   interaction (𝜎𝑔∗𝑑𝑐
2 ) 0.7 0.06 0.002 12.3 2.5 0.002 

Environmental variance (𝜎𝑒
2) 1.7 (0.4) 0.4 (0.08) 

0.004 

(0.0008) 

42.6 

(6.9) 
9.0 (1.6) 0.01 (0.001) 

Heritability (h2) 
0.3 

(0.04) 
0.2 (0.04) 0.4 (0.04) 

0.4 

(0.03) 
0.3 (0.04) 0.4 (0.04) 

 Drought D1 and D2 

Phenotypic variance (𝜎𝑝
2) 1.5 (0.2) 0.2 (0.03) 0.01 (0.001) 

61.6 

(5.8) 
11.5 (0.8) 

0.015 

(0.007) 

Genotypic variance (𝜎𝑔
2)       

   additive (𝜎𝐴
2) 

0.5 

(0.02) 

0.04 

(0.004) 

0.004 

(0.0003) 

20.4 

(2.0) 
4.1 (0.3) 

0.046 

(0.005) 

   dominance (𝜎𝐷
2) 0.1 0.01 0.001 5.1 1.0 0.001 

   interaction (𝜎𝑔∗𝑑𝑐
2 ) 0.2 0.04 0.004 13.7 1.8 0.002 

Environmental variance (𝜎𝑒
2) 0.8 (0.2) 0.1 (0.03) 

0.001 

(0.0003) 

27.5 

(4.9) 
5.5 (0.8) 0.008 (0.2) 

Heritability (h2) 
0.3 

(0.04) 
0.2 (0.04) 0.4 (0.03) 

0.3 

(0.04) 
0.4 (0.04) 0.3 (0.04) 
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The analysis of principal components (PC1 and PC2) identified two components that explain 

the largest proportion of the total variation (75.8 %) shown in the experiment. PC1 explained 

56.2% of the variation and had a positive correlation with total dry matter yield (r= 0.52), 

leaf dry matter yield (0.50), number of stems (r= 0.42), radiation use efficiency (r= 0.40) and 

plant height (r= 0.34), and negative correlation with L:S ratio (r= -0.19). PC2 explained only 

19.6 % of the observed variability and had a positive correlation with the L:S ratio (r= 0.78) 

and leaf dry matter yield (r=0.31), and negative correlation with plant height (r= -0.49) 

(Figure 6). Additionally, total dry matter yield was positively related to the number of stems 

and leaf dry matter yield, and negatively related to plant height; plant height was negatively 

related to L:S ratio. The variability observed for yield of dry matter and its components in 

the present study was similar to that observed in a group of 27 populations and cultivars of 

alfalfa under field conditions, where PC1 contributed 58.2 % of the total variability and 

showed positive association with dry and green matter yield, vigor, growth habit, 

regeneration of the plant and width of the central leaflet(30). Other results in irrigated and 

rainfed alfalfa in the field showed a PC1 with 54.3 % of the total variability and positive 

association with the diameter of lateral roots and number of lateral or branched roots(31). It is 

interesting to note the similarity in the values observed for PC1 and the variability between 

genotypes in these studies, and the traits of the plant that had the greatest positive association 

with this component, especially with dry matter yield. 

 

Figure 6: Biplot plane of dry matter yield vs. total dry matter yield (RMST), leaf dry matter 

yield (RMSH), L:S ratio (H:T), number of stems (NT), plant height (AP) and radiation use 

efficiency (EUR) in irrigation (I1 and I2) and drought (D1 and D2), on average of 10 

varieties of alfalfa in greenhouse conditions 
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Conclusions and implications 
 

 

The drought decreased the total dry matter yield and its components, and plants under soil 

water deficit conditions did not recover their productive capacity after experiencing the water 

deficiencies of the soil, even after recovery irrigation. In contrast, the L:S ratio was higher in 

plants in drought than in irrigation and plant height was the only component of yield that 

regained its growth capacity after recovery irrigation. Soil water deficit also reduced 

phenotypic variance for total dry matter yield and its components; environmental variance 

was greater than genetic variance in irrigation and drought. Additive variance was greater 

than dominance variance for all traits measured in irrigation and drought. Total dry matter 

yield, L:S ratio, plant height, number of stems, and radiation use efficiency had higher 

heritability in irrigation and drought. Leaf dry matter yield, number of stems, radiation use 

efficiency and plant height were positively related to total dry matter yield. The most 

productive varieties could be used for forage production in water-scarce areas and/or as 

parental lines for forage yield improvement in selection programs. Future research work on 

this topic requires confirmation under field conditions. 
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Table 1: Factors of variation, degrees of freedom (DF) and significance of total dry matter yield (TDMY) and leaf dry matter yield 

(LDMY), leaf:stem ratio (L:S), plant height (PH), number of stems (NS) and radiation use efficiency (RUE) in irrigation (I1) 

and drought (D1) (112-434 dat), and in I2 and D2 (462-798 dat) 

Characteristic DF 112 140 175 210 245 280 315 406 434 462 490 518 553 588 686 742 770 798 

TDMY (g DM plant-1)                    

A 1 ns ns ns ns ns ns ns ** ** ** ** ** ** ** ** ** ** ** 

B 9 ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** 

A*B 9 ** ** * ** ns ns * ** * ns ns ns ns ns ns ** * ns 

LDMY (g DM plant-1)                    

A 1 ns ns ns ns ns ns ns ** ** ** ** ** ** ** ** ** ** ** 

B 9 ** ** ** ** ns ** ** ns ns ** * ** ns ns * ** ** ** 

A*B 9 ** ** * ** ns ns ns ns ns ns ns ns ns ns ns * * ns 

L:S ratio                    

A 1 ns ns ns ns ns ns ns ** ** ** ** ns ns ns ** ns ns ns 

B 9 ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** 

A*B 9 ** ** ** ** ** ** ** ** ** ns ** ns ns * ** ns ** ** 

PH (cm)                    

A 1 ns ns ns ns ns ns ns ** ** ** ns ns ns ns ** ** ** ** 

B 9 ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** 

A*B 9 ** * ns * ** ** * * ns ns ** ns ns ns ns ** ns ** 

NS                    

A 1 ns ns ns ns ns ns ns ** ** ** ** ** ** ** ** ** ** ** 

B 9 ** ns ** ** ** ** ** * ** ** ** ** ** ** ** ** ** ** 

A*B 9 ns * ** ns * ns ** ns ** * ns * ns ns * ns ns ns 

RUE (g DM MJ-1)                    

A 1 ns ns ns ns ns ns ns ** ** ** ** ** ** ** ** ** ** ** 

B 9 ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** ** 

A*B 9 * ** * ** ns ns * ns * ns ns ns ns ns ns ** * ns 
A=Soil moisture treatments (Irrigation=I1 and I2, and Drought=D1 and D2); B=Genotypes; A*B Interaction of soil moisture treatments*genotypes; *(P≤0.05); 

**(P≤0.01); ns (not significant). D1 (345-406 dat) and D2 (620-688 dat). 

 

 


