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Abstract

The goal of the study is to find out the best indices for drought tolerance evaluation in alfalfa genotypes to distinguish
the best ones for further use in the plant breeding process for drought resistance. The study was carried out during
2017-2020 at the experimental field of the Institute of Irrigated Agriculture of NAAS (Kherson, Ukraine) with
accordance to modern standards of scientific work in agronomy. We studied 24 varieties and populations of alfalfa in
the conditions of optimal (irrigation) and stress (rainfed) humidification in the South of Ukraine, which is characterized
as a semi-arid climatic zone. To evaluate the resistance of the studied genotypes of the crop to drought, 14 different
indices were applied. Based on the results of the study, new index for drought tolerance evaluation in alfalfa, named
stress resistance index (ISR), was introduced. We selected five genotypes: M.g./Pp., LR/H, Ram.d., M.g./CP-11 and
M.agr./C., which had the highest yield of 8.30-8.47 kg/m® under the moisture stress as the most prospective for their
further use in the plant breeding process. Four indices, namely, yield index (Y1), mean geometric productivity (GMP),
harmonic mean productivity (HMP), stress sensitivity index (SSI) and the developed stress resistance index (ISR) were
selected as the best ones for characterization of alfalfa varieties by drought resistance as they do not only characterize
the genotype in terms of its drought resistance, but also in terms of productivity under the stress conditions.
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INTRODUCTION Ukraine. Abiotic stresses are the main factors
that reduce crop productivity. Drought is the
Alfalfa is a perennial forage crop, which is most significant, as it limits the capabilities of
cultivated all over the world, and it is  agricultural plants, reducing their productivity
characterized, in comparison to ther forage in arid and semi-arid areas (Hussain et al.,
legumes, by high biomass productivity, 2012; Mollasadeghi et al., 2011). The intensity
nutritional value with high protein content. and severity of the drought can affect a
Alfalfa helps to increase soil fertility (Latrach sensitive and strategic sector, such as agricul-
et al., 2014), protects soils from wind and water  ture, which can threat food security. The detri-
erosion (Abdelguerfi & Abdelguerfi-Laouar, = mental effects of abiotic stress are a serious
2002), and increases the resilience of crop  limitation for cultivation of this crop
production and livestock systems  (Vasconcelos et al., 2008; Wang et al., 2015).
(Annicchiarico et al.,, 2011). Besides, the  But due to its strong and branched root system,
fixation of atmospheric nitrogen makes it the it is considered to be a crop with high drought
best fore crop for other crops. resistance and wide adaptability to arid condi-
Alfalfa grows in a wide range of climatic tions (Lemaire, 2006; Li et al., 2020). However,
conditions, from the equator to almost the  like any other crop, it reacts negatively to
Arctic polar circles (Annicchiarico et al., 2011). drought and, in order to adapt and survive
According to numerous forecasts, global  under stress, it undergoes morphological,
climate change will lead to higher  physiological, biochemical or molecular
temperatures, changes in the geographical  changes, which must be taken into account
structure of precipitation and in the future to an ~ when creating drought-resistant varieties while
increase in the frequency of extreme climatic increasing yields and product quality.
events (Aleksandrov, 2002; Harrison et al.,,  During the dry season, alfalfa plants
2014), which is already observed in southern  (Medicago) reduce the aboveground vegetative
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mass (Bellague et al., 2016; Durand, 2007),
which limits the leaf area index, and
consequently reduces the productivity of
biomass. Therefore, to stabilize and increase
the productivity of alfalfa, it is necessary to
increase the drought resistance of alfalfa plants,
and the study of this trait is an important step in
plant breeding programs (Yu, 2017).

The amount of moisture loss through the
evapotranspiration is steadily increasing, and
this trend will only worsen in the future
(Aleksandrov, 2002), so declining yields are a
major problem and at the same time a basis for
plant breeders to strengthen crops to adapt to
climate change and increase their productivity
under the stressful conditions (Cattivelli et al.,
2008). Identification and development of
drought-resistant genotypes is one of the main
tasks of plant breeding programs, but the
creation of high-yielding varieties and the
realization of their yield potential in arid
conditions is an extremely difficult task for
plant breeders (Mustatea et al., 2003; Richards,
2006; Richards et al., 2002). The development
of drought-resistant varieties is hindered by low
heredity of traits and lack of effective selection
strategies (Kirigwi et al., 2004). The selection
of drought-resistant populations is difficult due
to the strong interaction between genotypes and
the environment and the limited knowledge of
the functions and role of resistance mecha-
nisms. Different researchers have used different
methods to assess genetic differences in
drought resistance. Some researchers believe
that it is reasonable to conduct the selection of
genotypes only in favorable conditions (Betran
et al., 2003), and others — in arid conditions
(Ceccarelli, 1987; Ceccarelli & Grando, 1991).
However, there are many researchers who have
chosen both paths and use the selection of
genotypes in both favorable and stressful con-
ditions (Clarke et al., 1992; Fernandez, 1992).
Plant susceptibility to drought is defined as a
function of reduced yields under water stress
(Koleva & Dimitrova, 2018), compared to
potential yields (Ramirez & Kelly, 1998).
Therefore, different breeding indices are used
to differentiate genotypes from drought
resistance, which are based on plant
productivity in optimal and stressful conditions
(Fisher & Maurer, 1978; Lin & Binns, 1988),
and are wused to select drought-resistant
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genotypes (Boussen et al., 2010; Mitra, 2001;
Zou et al., 2007).

Rosielle et al. (1981) proposed to use the
Tolerance Index (TOL) as the difference
between yield under irrigation and yield under
natural humidification, and the mean produc-
tivity (MP), as the arithmetic mean of yield
under stress and optimal conditions. Blum
(1988; 2005) determined the Drought
Resistance Index (DI), which was generally
accepted to determine the genotypes that
provide high yields, both under stress and in
better conditions. Fisher & Maurer (1978)
recommend the use of a Stress Sensitivity index
(SSI) to determine the stability of plant
productivity, which records the value of yield
in optimal and stressful conditions. The Stress
Sensitivity Index (SSI) is a good one for
identifying high-yielding genotypes that are
also highly resistant to stress. As a rule, a lower
level of SSI indicates less variation in crop
yield under stress and under optimal conditions.
Fernandez (1992) recommends using the Stress
Tolerance Index (STI), and Saba et al. (2001)
recommended its use in plant breeding pro-
grams for screening high-yielding genotypes in
conditions of stress and its absence. Stable
varieties have higher values of this index.
Studying the yield of genotypes of mung beans
(Vigna radiata L.) in stressful and optimal
environments, Fernandez (1992) classified
them into four groups:

group A - varieties that have equally high
productivity in both environments;

group B - varieties that have high productivity
only in optimal conditions;

group C - varieties with high yields under
stress;

group D - varieties with low yields in both
environments.

To determine the sensitivity of varieties to
stress due to different drought intensities in
different years Fernandez (1992) and Schneider
et al. (1997) proposed the use of Geometric
Mean Productivity (GMP) of the varieties in
both environments. Besides, Gavuzzi et al.
(1997), Bouslama & Schapaugh (1984) and
Choukan et al. (2006) proposed to use the Yield
Index (Y1), the Yield Stability Index (YSI) and
the Yield Reduction Index (YRI), respectively.
During the study of the drought resistance
indices of corn, Moghaddam & Hadizadeh



(2002) stated that a low Tolerance Index (TOL)
does not necessarily mean a high yield of a
variety under stressful conditions, because the
yield of a certain variety may be low under
optimal conditions and show less reduction
under stress, which leads to a decrease in TOL
and this variety can be defined as drought
resistant. However, Fernandez (1992) believed
that the TOL and SSI indices reflect the
drought resistance of the variety better. The use
of the SSI index to identify drought-resistant
varieties is a false direction. They believe that
because the formula for the index calculation
used the share of yield of a particular variety
under stress to optimal conditions, as well as
the ratio of productivity in stress to non-stress
conditions in all varieties, the two varieties
with high or low yields in both environments
may have the same SSI value. With regard to
MPI, the authors found that the use of a Mean
Productivity Index often leads to the selection
of wvarieties with high yields under optimal
conditions that are less tolerant to stress.
Malek-Shahi et al. (2009) presented MPI as an
appropriate index for determining drought-
resistant varieties. Shirani Rad & Abbasian
(2011) while studying the sensitivity to stress in
six varieties of winter oilseed rape found out
that the indices of GMP, STI and MPI are the
most appropriate indices for the determination
of drought-resistant varieties. The same opinion
is held by Sio-Se-Mardeh et al. (2006), which
point out the importance of GMP, STI and MPI
indices as the most effective ones for the
exclusion of the varieties with high yields in
both dry and optimal conditions (Yarnia et al.,
2011).

In order to increase the effectiveness of the STI
index, Farshadfar & Sutka (2002) proposed
modified stress resistance indices (MI1STI,
M2STI), which adjust the STI. For screening
drought-resistant ~ genotypes in  different
environmental conditions, Moosavi et al.
(2008) developed the percentage of sensitivity
to stress index (SSPI).

Hao et al. (2011) recommend the index as an
integrated selection criterion (SI) because it
provides an assessment of drought stress
resistance based on yield and related agronomic
characteristics and will thus be useful for
determining drought-resistant genotypes in
plant breeding programs (Khalili et al., 2016).
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Therefore, there are 14 indices for determining
the drought resistance of genotypes, which we
used in our studies. The goal of the study is to
evaluate the response of varieties and
populations of alfalfa in different environments
and determine the best one not only by drought
resistance but also by productivity under stress
for their further use in the plant breeding
process, and to select indices that allow
distinguishing the genotypes with such traits.

MATERIALS AND METHODS

The study was conducted at the Institute of
Irrigated Agriculture of NAAS (Ukraine,
Kherson, vil. Naddnipryanske, 46°44'50.1"N
32°42'30.0"E), located on the Ingulets irrigated
array, in 2017-2020 in the field conditions. The
object of the study were varieties and
populations of alfalfa: Unitro, Elehiya,
Prymorka, M.g./P.p., Sin(s)/Prymorka, LR/H,
Prymorka/Sin(s), A.-N. d. Ne 114, A.-N. d. Ne
15, A-N. d. Ne 38, D. ks. Ram. d.,
(Emeraude/T.)2, T./Emeraude, M.g. CP-11,
M.agr./C., A.x. d., M.g/M.agr., M.g. d,
FHNV?, B.11/P.d., Zh./TsP-11 at forage use
under two conditions of humidification: irri-
gation (drip irrigation) and natural humidi-
fication on the herbage of the first and second
years of use. Productivity and drought resis-
tance were determined using different indices:

Rosielle &
Hamblin, (1981)

Yp +Ys
2
Where: MPI - mean productivity index, Yp -

yields at the optimal conditions, Ys - yields at
the stress conditions.

MPI = (1)

Ys
1- Yp Fisher &
SSI = s Maurer, 2)
1- Y= (1978)

Where: SSI - stress sensitivity index, Yp - mean
productivity of all the varieties in the optimal
conditions, Ys - mean productivity of all the
varieties in the stress conditions.

Rosielle &
Hamblin
(1981)

Where: TOL - index of drought toleramce.

TOL=Yp—Ys 3)



Bouslama &
Schapaugh 4)
(1984)

Where: YSI - yield stability yindex.

ysi = 2
- =

Gavuzzi et
_ Ys al. (1997);
YI'= 100 x :s Lin et al. ®)
(1986)
Where: YT - yield index.
STI = s XZYp Fernandez 6)
% (1992)
Where: STI - stress tolerance index.
Fernandez
(1992);
GMP =./Ys xYp Schneider (7)
et al.
(1997)

Where: GMP - mean geometric (proportion)
productivity.

L ischer &
Yp Fischer
RDI = Y:s Maurer )
= (1978)
Yp
Where: RDI - relative drought tolerance index.
Ys X (;{—S)
pi= — 7 Lan(1998) (9)
Ys

Where: DI - drought tolerance index.

Yp — Ys Moosa
SSPI = 100 X — vietal. (10)
2 XYp  (2007)

Where: SSPI - stress sensitivity predisposition
index.

Farshadfar (11)
& Sutka

(2002) (12

2

Yp

M,STI = STI x <:>
Yp

Ys
M,STI = STI x (:)
Ys

Where: MiSTI, M2STI - modified indices of
the stress tolerance.

Yp—Y¥s Moosavi
etal.  (13)

Yp
T (2007)

ATI =

X /Yp X Ys

Where: ATI - abiotic tolerance index.
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Kristin et al.

(1997);
_ Yp X Ys  Chakherchaman
AMP= 2 X 35Fvs  etal 2009, (¥

Jafari et al.
(2009)

Where: HMP - harmonic mean productivity.

Statistical processing of the experimental data
was performed using AgroSTAT, XLSTAT,
Statistica (v. 13) software at p<0.05.

RESULTS AND DISCUSSIONS

Weather conditions over the years of the study
differed both in temperature and in the amount
and characteristics of precipitation, which made
it possible to analyze varieties and populations
of alfalfa for resistance to stress (drought)
conditions. The hydrothermal coefficient
(HTC) in 2017, 2018 and 2020 fluctuated
between 0.51-0.55, which indicates very arid
climatic conditions, while in 2019 it was 0.88,
which belongs to arid conditions. Analysis of
resistance of the alfalfa wvarieties and
populations to stress was performed using 14
different drought tolerance indices: MPI, SSI,
TOL, YSI, YI, STI, GMP, RDI, DI, SSPI,
MISTI, M2STI, ATI, HMR and ISR stress
resistance index, which was developed by our
scientific group.

In the plant breeding for drought resistance, an
important aspect is not only the resistance of
plants to drought, i.e., the ability of plants to
tolerate significant dehydration and overheating
and survive drought with the lowest yield
reduction, but also to show the maximum
productivity under the stress. For example,
genotypes may show a slight decrease, i.c., the
difference in the yield obtained under optimal
and stress conditions, but also low productivity
under the stress. On the contrary, the
population has high productivity during
droughts, but a greater difference between
yields in the optimal and stress conditions. For
convenience, alfalfa populations are divided
into three groups according to yielding
capacities. Under irrigation (Yp) the
populations with yields above 20.00 kg/m?
were classified as high, 19.00-20.00 with
medium and below 19.00 kg/m? - with low
yields, under the stress conditions (Ys) - with a
yield of more than 8.00 kg/m2 - with a high,



7.00-8.00 - medium and below 7.00 kg/m® to
the group with a low yield.

The obtained experimental data allowed us to
identify 5 populations of alfalfa by the yields in
the stress conditions: M.g./P.p., LR/H, Ram.d.,
M. g./CP-11 and M.agr./C. with a herbage yield
of 8.30-8.47 kg/m? with a high MPI (13.82-
14.37), which shows the potential yield of the
genotype in different cultivation conditions. In
the variety Elehiya and population B11/P.d.
there is also observed a high MPI (14.07;
13.94), which was formed because of high
yields under the optimal conditions (irrigation),
but low or medium - under the stress, therefore,
the MPI cannot be considered as a reliable
index for the determination of the resistance of
genotypes to stress.

The drought sensitivity index (SSI) ranged
from 091 to 1.12. It characterizes how
sensitive the genotype is to the effects of
drought and the lower the rate is, the greater the
drought resistance of the genotype is. Nine
populations were identified according to this
index: M.g./P.p., LR/H, Ram.d., M.g./CP-11
and M.agr./C., Prymorka/Sin(s),
Zymostiyka/MK, A.r. d., M.g./M.agr. with its
value of 0.91-0.96. But the last four genotypes
entered this group due to low yields under the
optimal conditions and mean ones under the
stress. Therefore, we believe that this index can
be used to determine drought resistance of
genotypes, but in combination with other
indices, to identify stress-resistance and high
drought productivity more accurately.

The Drought Tolerance Index (TOL) and the
Stress Sensitivity Predisposition Index (SSPI)
are similar in nature and show the loss of yield
under the influence of drought, the first in
absolute units, the second in percent.

The population M.g./M.agr. is characterized
with the lowest TOL - 10.35 and predisposition
to the stress SSPI - 26.61. Its low yield of 17.95
kg/m? in the optimal conditions and a mean of
7.60 kg/m? under the stress does not mean that
it is more resistant to drought and has greater
productivity under the stress than the
population M.g./P.p. and M.g./CP-11 with TOL
indices 11.52 and 12.14, and SSPI 29.62 and
31.22, which according to the indices do not
belong to drought-resistant but formed a high
yield under the stress - 8.44 and 8.33 kg/m?.
Therefore, low TOL and SSPI will mean stress
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resistance, but there is a very high probability
that the population will be more productive
under the stress, although with the best TOL
and SSPI indices will not be allocated as
drought resistant.

According to the yield stability index (YSI),
i.e., the ratio of the yield under the stress to the
yield under the optimal conditions, with
fluctuations from 0.31 to 0.44, ten populations
were significantly ~distinguished: FHNV?Z,
M.g./CP-11, A.p.d., M.g./M.agr., M.agr./C.,
Zymostiyka/M.K., Ram.d., Prymorka/Sin(s),
M.g./P.p., LR/H, in which this index varied
within 0.40-0.44, but, as in the previous index,
the mean yield under the stress and low under
the optimal conditions led to high index rates in
some populations. This means that the YSI
index should be used only in comparison with
others, because more productive populations,
both under the optimal conditions and drought,
may not be included into the group of drought
resistant.

Yield index (YI), geometric mean productivity
(GMP) and harmonic mean productivity (HMP)
express the yield of a particular genotype under
the stress conditions to the mean yield of the
studied genotypes in these conditions, but the
indices YI, GMP, HMP are calculated using
different formulas. It is believed that they are
less sensitive to large differences between the
values of potential yields and yields under
stressful conditions.

According to these indices, there were five
populations distinguished: M.g./P.p., LR/H,
Ram.d., M.g.//CP-11 and M.agr./C. with the
indices 111.25-113.53, 12.72-13.03 and 11.67-
11.86, respectively. We believe that these
indices most fully characterize the resistance of
the populations to drought and their high
productivity under the stress (8.30-8.47 kg/m?).
The Stress Tolerance Index (STI), with a range
of 0.31 to 0.45, characterizes the ability of the
genotype to form a stable yield regardless of
stress factors. According to this index, there
were eight populations that significantly
surpassed the mean population, but they can be
divided into two groups:

M.g./Pp., LR/H, Ram.d., M. g./CP-11 and
M.agr./C. - STI index varies from 0.43 to 0.45
and they have a high yield under the stress of
8.30-8.47 kg/m” and mean under the irrigation -
19.22-20.44 kg/m?;



FHNV?, B11/Pd., Sin(s)/Prymorka, in which
the STI index is 0.40, but high or moderate
yield under the irrigation (19.5-20.65 kg/m?)
and mean under the stress (7.26-7.76 kg/m?).
According to the relative drought resistance
index (RDI), nine populations were identified:
M.g./CP-11, Zymostiyka/M.K., Ar. d,
M.g./M.agr., M.agr./C.,  Prymorka/Sin(s),
LR/H, M.g./P.p., Ram.d. with a variation of the
index from 1.06 to 1.14.

According to the drought resistance index (DI),
there were eight populations that significantly
exceeded the mean population, but they can be
divided into two groups:

M.g./Pp., LR/H, Ram.d., M.g/CP-11 and
M.agr./C. - DI index varies in the range of 0.45-
0.49 and they have a high yield under the stress
of 8.30-8.47 kg/m?;

Prymorka/Sin(s), B.11/P.d, Sin(s)/Prymorka,
Zymostiyka/M.K. and M.g./M.agr., in which
the DI index is 0.43, but low yields under
irrigation (17.95-18.65 kg/m?) and average
under the stress (7.60-7.76 kg/m?).

Studying the Modified Stress Tolerance Indices
(MI1STI, M2STI), eight (Ram.d., M.agr./C.,
B11/P.d.,, LR/H, Sin(s)/Prymorka, M.g./P.p.,
M.g./CP-11, Elehiya), with an M1STI index of
0.42-0.47 and five populations of alfalfa
(M.agr./C., LR/H, Ram.d., M.g./P.p., Elehiya)
with an index of M2STI — 0.54-0.57 were
distinguished. The M1STI index is not always
suitable for the selection of populations for
drought resistance, as the selected populations
are Sin(s)/Prymorka and BI11/P.d. had high
rates of 0.44-0.46 due to high yields under the
irrigation (20.65; 20.36 kg/m?), but low or
moderate under the stress (7.26; 7.52 kg/m?).
The M2STI index more  accurately
characterizes drought-resistant genotypes that
have high performance under the stress.

The Abiotic Tolerance Index (ATI) ranges from
57.77 to 67.95, in our case, it is not suitable for
characterizing the resistance of alfalfa
populations to stress, as, using this index, five
populations were identified. (A.N.d. NelS5,
M.g./CP-11, B11/P.d., Sin(s)/Prymorka,
Elehiya), of which the last three had a high
yield in the optimal conditions (20.36-20.65
kg/m?), but medium or low under the stress
(6.66-7.52) and only one population M.g./CP-
11 can be classified as drought-resistant with an
ATI index of 60.67.
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Based on the results of the study and their
analysis, we proposed the stress resistance
index ISR, which in our opinion characterizes
the genotypes by the stress resistance not only
by a smaller difference in the yield in the
optimal and limiting conditions, but also
considers high stress productivity.

Stress Resistance Index ISR is determined by
the formula:

Yp X Ys
(Yp—Ys) x(1—-

ISR =

s (15)
%)

According to the Stress Resistance Index (ISR),
nine  populations were identified that
significantly — surpassed than the mean
population, but they can be divided into two
groups:

M.g./Pp., LR/H, Ram.d., M.g./CP-11 and
M.agr./C. - ISR index varies between 23.53-
26.67 and they have a high yield under the
stress of 8.30-8.47 kg/m?;

Prymorka/Sin(s), Zymostiyka/MK, A.rd. and
M.g./M.agr., in which the ISR index is 22.29-
22.86, but low yields under the irrigation
(17.95-18.65 kg/m?) and average under the
stress (7.60-7.76 kg/m?).

Yields of alfalfa populations under the stress
(Ys) have a high positive correlation (r =
0.901-1.000) with indices YSI, YI, GMP, HMP,
STI, DI, RDI, ISR and negative with SSI (r = -
0.901); with the indices MPI, TOL, SSPI - the
average correlation (r = 0.627; r = -0.609; r = -
0.609), and with the ATI index there is no
connection (r =-0.092).

CONCLUSIONS

Analyzing alfalfa populations by forage
productivity by the largest number of indices
(11-13), we selected five genotypes: M.g./P.p.,
LR/H, Ram.d., M.g/CP-11 and M.agr./C.,
which had the highest yield of 8.30-8.47 kg/m?
under the stress. Four indices YI, GMP, HMP,
SSI and the proposed ISR stress resistance
index were selected, which not only
characterize the population in terms of drought
resistance, but also in terms of productivity
under the stress conditions.
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