J. Crop Sci. Biotech. 2019 (June) 22 (2) : 169 ~ 176
DOI No. 10.1007/s12892-018-0262-0

RESEARCH ARTICLE

Genetic Advancement of Newly Developed Wheat Populations
Under Drought-Stressed and Non-Stressed Conditions

Kwame Wilson Shamuyarirat*, Hussein Shimelis1, Terence Taperal, Toi John Tsilo2

"University of KwaZulu-Natal, African Centre for Crop Improvement, Private Bag X01, Scottsville 3209, Pietermaritzburg, South
Africa
Agricultural Research Council-Small Grain Institute, Private Bag X29, Bethlehem 9700, South Africa

Received: December 18, 2018 / Revised: January 08, 2019 / Accepted: March 13,2019
(© Korean Society of Crop Science and Springer 2019

Abstract

Genetic variation and heritability estimates in early generations are important in identifying superior families that can be
targeted for genetic advancement. Early generation selection has been a successful tool to enhance selection efficiency in
plant breeding programs. The aim of this study was to select and advance F5 families of wheat relative to their parents for
drought tolerance using agronomic traits. Twelve parental lines and 66 newly-developed F3 families were evaluated using a 6
x 13 alpha-lattice design under drought-stressed and non-stressed conditions. Considerable genetic and phenotypic variation
was observed for days to heading, plant height, spike length, kernels per spike, fresh biomass, and grain yield. Expected
genetic gains were high for fresh biomass and grain yield. The families LM02 x LMO05, LM02 x LM23, LM09 x LM45, and
LM13 x LM45 were high yielding with high biomass values and are recommended for genetic advancement using single seed
descent.
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Introduction

Wheat (Triticum aestivum L.) is a major cereal crop which
is the main source of carbohydrates and protein in different
regions globally. In South Africa, wheat is the most important
grain crop after maize (Nhemachena and Kirsten 2017).
There has been a significant decline in wheat production in
the country in the last 20 years (van der Merwe 2015).
Further, the national mean productivity of wheat is low at
3.76 t ha" compared with the potential yield of the crop that
can reach up to 10 t ha” (Grain SA 2018). This low pro-
ductivity has been attributed to various production and
economic constraints including drought, heat stress, biotic
stresses, and reduced profitability.

Drought stress is the greatest challenge limiting wheat
productivity in the dryland production regions of South Africa.
Wheat is sensitive to drought stress, and the increasing
incidence of drought causes a significant reduction in both
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grain yield and quality. Consequently, developing drought
tolerant wheat cultivars is a major goal for the DAgricultural
Research Council-Small Grain Institute (ARC-SGI) to improve
wheat productivity in dryland growing areas of South Africa.
To establish a well-characterized germplasm pool in its pre-
breeding program, the ARC-SGI imported drought tolerant
wheat germplasm from the 2)International Maize and Wheat
Improvement Centre (CIMMYT). A study by Mwadzingeni
et al. (2016) screened drought tolerant wheat genotypes and
selected lines with superior yield performance under drought-
stressed and non-stressed conditions. These lines were crossed
to develop a breeding population of families that were
advanced to the F, generation (Mwadzingeni et al. 2018).
Development of new breeding populations often results in
large numbers of genetic material to handle and increases the
cost of drought screening. Strategies that maintain breeding
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Table 1. List of wheat parents used for half diallel analysis.

Parent Name Pedigree Drought tolerance index
1 LMO02 JIANG 4/4/DUCULA 0.76
2 LMO04 ONIX/4/MILAN/KAUZ//PRINIA/3/BAVI2 0.86
3 LMO5 ACHTAR/4/MILAN/KAUZ//PRINIA/3/BAVI2 0.89
4 LMO09 SOKOLL*2/ROLFO7 0.84
5 LM13 SOKOLL/ROLFO7 0.55
6 LM17 ESDA/KKTS 0.75
7 LM21 PRL/2*PASTOR 0.82
8 LM22 MUNAL #1 0.92
9 LM23 QUAIU 1.07
10 LM29 PRL/2*PASTOR*2//SKAUZ/BAV92 0.98
1 LM45 ROLFO7/YANAC//TACUPETO F2001/BRAMBLING 0.81
12 LM85 SW94.60002/4/KAUZ*2//DOVE/BUC/3/KAUZ/5/SWI1-12331 0.91

progress yet reducing costs are key in running sustainable
breeding programs. Early generation selection is a strategy
that can be used to increase the efficiency of advancing
breeding populations and reduce the cost required of screening
large numbers of genotypes in succeeding generations
(Abraha et al. 2017). This is achieved by fixing desirable
characters and their combinations in early generations (Singh
et al. 2017). Selection is done at the F, — F, generations to
eliminate inferior lines and the most promising lines are then
advanced for further analysis (Bettge et al. 2002). According
to Whan et al. (1982), selection of superior families in early
and late generations leads to similar yield improvement. This
signifies the utility of early generation selection as a strategy
that can be employed in crop improvement programs without
compromising the effectiveness of selection.

Yield is a complex polygenic character which is greatly
influenced by genotype by environment interaction (G x E),
thus selection based on yield alone is not reliable (Ali et al.
2017). Early generation selection using agronomic- and yield-
related traits can aid and improve selection for improved
grain yield and drought tolerance (Fischer and Rebetzke
2018). As such, heritability estimates, genetic advances, and
both phenotypic and genotypic coefficients of variability can
be used to identify key traits to improve drought tolerance
and enhance selection efficiency (Sohail et al. 2018). Therefore,
the objective of this study was to select and advance F; families
of wheat relative to their parents for drought tolerance using
agronomic traits.

Materials and Methods

Plant materials

Twelve parental bread wheat genotypes obtained from the
South African pre-breeding genetic pool were used to generate
66 hybrids, using a half diallel mating design. The parental
genotypes were initially obtained from CIMMYT and were
selected and advanced based on their breeding value under

diverse drought-stressed and optimal conditions (Mwadzingeni
et al. 2016). Table 1 provides the details of the parents used
to generate the crosses and their drought tolerance index
according to Mwadzingeni et al. (2016).

Field experiment

The field experiment was carried out at Ukulinga Research
Farm (29° 40’ S, 30° 24’ E; 806 m above sea level) during the
2017/2018 cropping season. Test genotypes (12 parents and
66 F; families) were field planted using a 6 x 13 alpha lattice
design, with two replications. The spacing between plants
was 15 cm and the inter-row spacing was 30 cm. Five seeds
were planted at each planting station and later thinned out to
three plants per station. Each genotype was planted at nine
planting stations giving a total number of 27 plants per treatment
for each genotype. The experiments were conducted under
two water regimes namely drought-stressed and non-stressed
(control) conditions. Four watermark sensors (Two for drought-
stress and two for the control) were used to determine the
field capacity of the soil. The plants were irrigated to maintain
soil near field capacity in both treatments to avoid stress in
early growth stages. Drought stress was imposed on the
drought-stressed treatment by withholding water to 35% of
field capacity at heading, growth stage 59 according to
Zadoks et al. (1974). In the non-stressed treatment, irrigation
continued uninterrupted to maturity. To reduce the impact of
untimely rainfall on the experiment, the soil was covered
with a custom-made plastic mulch rain out system which
inhibited infiltration of rain water in the experimental area.

All other standard agronomic practices in wheat production
in South Africa were kept uniform on both regimes during
the experiment. The weather conditions prevalent during the
time of the experiment were recorded (Table 2). Weather data
was recorded on day and night temperatures, precipitation,
minimum and maximum relative humidity, and daily evapo-
transpiration rates.
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Table 2. Monthly weather data during the field trial at Ukulinga, Pietermaritzburg (2017/2018).

Year Month Tmax Tmin RHmax RHmin Rs Rain ET
2017 December 24 15 99 59 17.3 97 105
2018 January 28 16.7 99 53 20 63 126
2018 February 28 17.2 100 55 18.5 88 106
2018 March 26 16.3 100 58 16 164 98

Tmax = average maximum temperature (°C), Tmin = average minimum temperature (°C), RHmax = average maximum relative humidity (%), RHmin =
average minimum relative humidity (%), Rs = average total radiation (MJ m?), Rain (mm), ET = average total evapotranspiration (mm)

Greenhouse experiment

The greenhouse experiment was carried out in a greenhouse
located at the University of KwaZulu-Natal (29° 37’ S, 30° 24
E). The greenhouse environment had day and night tem-
peratures of 25 and 15°C, respectively. The humidity was
maintained at between 45 and 55%. Plants were grown in 5 1
plastic pots filled with composited pine bark growing media.
The pots were arranged in a 6 x 13 alpha lattice design, with
two replications. Seven plants for each genotype were grown
in a single pot and thinned to five plants to ensure an even
stand of plants in all pots. The experiments were carried out
under two water regimes namely drought-stressed and non-
stressed (control) conditions. Under both water regimes,
water was applied to field capacity using a dripper system at a
rate of 400 ml day” for each pot. At the heading stage of
growth, irrigation was withheld in the drought-stressed treat-
ment, but irrigation continued in the non-stressed treatment up
to maturity. To avoid total crop failure in the drought- stressed
treatment, irrigation was applied when the growing media had
completely dried out. Control of weeds was done manually,
and pests and diseases were controlled using chemicals Chess
(active ingredient: pyridine azomethine) and Tilt (triazole);
and a bio-control fungus Ampelomyces quisqualis.

Data collection

The following agronomic data were collected: 1) days to
heading (DTH) were measured as the number of days until
50% of the plants had fully emerged spikes, 2) days to maturity
(DTM) were measured as the number of days until 50% of
the plants had reached senescence, 3) productive tiller number
(TN) was measured as the number of tillers that had managed
to set seed, 4) plant height (PH) was measured as the height
from base of the plant to the point where the spike emerged,
5) spike length (SL) was measured from the base of the spike
to the tip of the spike, 6) spikelets per spike (SPS) were
measured by counting the number of spikelets per spike, 7)
kernels per spike (KPS) were measured by counting the number
of kernels per spike, 8) thousand kernel weight (TKW) was
measured by randomly sampling 1000 kernels and weighing
them, 9) fresh biomass (BI) was measured as mass of all
above-ground plant parts and 10) grain yield (GY) was
measured after harvesting using an electronic balance at
12.5% moisture content.

Data analysis

A combined analysis of variance (ANOVA) was performed
using Genstat (18th edition) (VSN International, 2015) on
data for all measured traits using the following model:

Yitim = 0 + Gi + Rjgm) + Bigim) + WRimy + S + G.WRy +
G.Si, + SWRy,, + G.WR.Sij, + Eijkim

where, Yjunm: observed response of genotype i in block & of
replication j and water regime / of site m, p is the grand
mean, G; is the effect of genotype i, Rjum) is the effect of
replication j in water regime / and site m, By is the effect
of block k in replication j, water regime / and site m, WRy,, is
the effect of the water regime / and site m, S,,, is the effect of
site m, G.WR; is the interaction effect of genotype i and
water regime /, G.S;, is the interaction effect of genotype i
and site m, S. WR,, is the interaction effect of water regime /
in site m, G.WR.Sy,, is the interaction effect of genotype i,
water regime / and site m, &;un is the randomn error.

Comparisons of means was done using Fishers least
significant difference at 5% level of significance. Variance
components were calculated using the same program.
Heritability in the broad sense was estimated using the
formulae given below (Abraha et al. 2017):

=/

Where, H is heritability in the broad sense
62p is the phenotypic variance for a particular trait
= 0%y =07 + O7us/s + GofsT
o’ is the genotypic variance for a particular trait

The phenotypic coefficient of variance (PCV) and genotypic
coefficient of variance (GCV) components were computed
as follows (Burton and Devane 1953):

PCV = (6y/X) x 100
GCV = (6¢/X) x 100

Where:

o} is phenotypic standard deviation

o, is the genotypic standard deviation

X is the mean performance for a particular trait

Genetic advance (GA) and the genetic advance as percent
of mean (GAM) were calculated using the following formulae
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Table 3. Mean squares and significant tests from combined analysis of variance involving ten phenotypic traits of 78 wheat genotypes evaluated

in two sites, under two water regimes and two replications.

Source of variation df DTH DTM PH TN SL SPS KPS TKW Bl GY
Block 40 13440 224¢ 2387 134 12814 566 022 461 21361.00 6666.00
Replication 4 33 5963 812 406" bBB** 5138 137 442 @34798.00*** 189198.00%**
Genotype 77 B8 19607 b1 143 1616524 216 3 770 34020.00 8%01.00

Site 1 MBI AAHFF 4B 04378 1806171 124417 42021%** 7T666%** 3003BA1.007* 4101083.00%**
Water Regime (WR) 2 17664 301.86%** 261064 13B8** 62667* D73 167448 17107.67%*  1427231400%**  452083800%**
Genotype x Site 77 30 974 242% 1.02 3407 2112 14.97 25 27022.00 7587.00
Genotype x WR 77 1D 58 1814 076 B2 064 1398 1481 2926300 874200

Site x WR 1 2004 34651** 521 6.26** 402 11646 BAb46***  BABZ7** @I77/6000%%F  2237842.00%**
Genotype x Site x WR 77 206 884 2030 0B 2021 BB 14.01 1841 2492300 714600
Residual m 23 749 1571 084 320 270 1577 1732 2646200 812600
Total 467 570 30643 2168 445 BN 2430 2804 %83 1Measo 25791.00

*P<0.05; ** P<0.01; *** P<0.001; df = degrees of freedom, DTH = days to 50% heading, DTM = days to 50% maturity, PH = plant height, TN =
productive tiller number, SL = spike length, SPS = spikelets per spike, KPS = kernels per spike, TKW = thousand kernel weight, Bl = fresh biomass,

GY = grain yield

(Johnson et al. 1955):
GA=kH o,

Where:
GA = Genetic advance
k is the coefficient of selection intensity
H? is heritability in the broad sense for that specific trait
o, is the phenotypic standard deviation of that specific
trait
Finally, genetic advance as percentage of mean (GAM)
was computed as follows (Abraha et al. 2017):

GAM = (GA /X) x 100

Results

Analysis of variance

A combined analysis of variance showing degrees of freedom,
mean square values, and significant tests is presented in
Table 3. Highly significant differences (P < 0.01) were observed
among genotypes for DTH, DTM, PH, SL, KPS, and TKW.
Significant differences were also observed for TN (P < 0.05).
The mean squares for site and water regime were highly
significant (P < 0.01) for all traits except for SPS for water
regime. Significant genotype by site interaction (P < 0.01)
was observed for PH only. There was no genotype x water
regime interaction for all the studied traits. The interaction of
water regime and site was significant for most traits except
PH, SL, and SPS.

Yield and agronomic performance

The overall mean grain yield observed for the genotypes
was 143.62 g m™ and 317.22 g m™ under drought-stressed

and non-stressed conditions, respectively (Table 4). Yield
reduction of 54.73% was observed because of drought stress.
The highest yielding families under stress were LM02 x LMO0S,
LM13 x LM45, LMO02 x LM23, and LM09 x LM45 with mean
yields of 199.80 gm™, 185.20 gm™, 179.30 gm™ and 175.60
g m?, respectively. As expected, performance of genotypes
was better in non-stressed conditions than in stressed con-
ditions for DTM, PH, TN, SL, SPS, KPS, TKW, BI, and GY
(Table 4). The DTH were similar in both drought-stressed
and non-stressed conditions. The DTM reduced by 4.45 days
due to the effect of drought stress. The least DTM were
observed for crosses LM17 x LM85, LM45 x LM85, LM17
X LM29, LM04 X LM45, and LM09 x LM21. Drought
stress reduced the average PH, TN, SL, SPS, and KPS.
Decreased TKW and BI were recorded with 26.84 and
43.12%, in that order, due to the effects of drought stress.

Variance components

GCV, PCV, H?, GA, and GAM are presented in Tables 5
and 6. PCV values were higher than GCV values for all the
traits and both water regimes. Under non-stressed conditions,
the highest GCV values were observed for GY (8.11%), BI
(7.26%), and KPS (6.93%). The highest GCV values in drought-
stressed conditions were for TN (6.56%), GY (6.43%), and
KPS (5.43%).

Heritability estimates

The heritability among the traits varied in both drought-
stressed and non-stressed conditions (Tables 5 and 6). Her-
itability estimates were generally higher in non-stressed
condition than drought-stressed conditions for all traits except
fresh biomass and grain yield. High heritability was observed
in stressed conditions for BI (93.53%) and DTH (78.81%).
Under non-stressed conditions only DTH showed high her-
itability (84.11%). Spike length with values of 67.31% and
60.98% had moderate heritability under both water regimes.
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Table 4. Mean values of the ten best genotypes and five bottom genotypes (based on grain yield g m?) for ten quantitative traits of 12 parents and

their 66 F; families.

DTH DTM PH TN SL SPS KPS TKW Bl GY
*™ NS DS NS DS NS DS NS DS NS DS NS DS NS DS NS DS NS DS NS DS
top ten genotypes
LM02x LM05 5000 49.75 86.00 80.75 66.17 6282 408 363 7310 6768 1311 1269 3402 2512 4006 30.12 799.70 469.80 395.00 199.80
LM13xLM45 4900 50.00 8550 81.00 65637 6510 510 38 8500 81.78 1486 1360 2522 21.70 4313 30.73 863.10 468.90 420.00 185.20
LM02xLM23 51.00 5125 8575 8150 6835 65656 513 350 8275 7395 1377 1193 2535 2309 4508 30.55 83250 46320 458.00 179.30
LMO9x LM45 4900 50.75 84.00 8150 6260 6305 413 373 7200 6999 1321 1270 2238 2221 3997 3199 561.30 439.30 237.00 175.60
LM13 5125 5250 8500 8275 6260 66.00 435 408 7070 7575 1337 1420 2610 2559 3648 2621 736.30 463.30 350.30 175.50
LM13xLM85 4776 5050 84.00 81.00 6382 6197 465 415 6960 71563 1296 1364 2494 2266 4002 2944 71220 481.30 324.10 173.20
LM02 x LM21 4800 49.00 8575 8050 5690 5965 350 358 6760 7480 1120 1270 2315 2448 3748 3145 525.60 422.70 229.00 172.90
LMO04 x LM21 4950 4925 8475 8075 5812 6090 395 373 7810 7499 1445 1350 2772 1926 41.01 3849 63740 42530 304.60 169.30
LM22xLM23 4725 5025 8550 8175 6462 6460 408 353 7500 7127 1361 1300 2866 2444 3940 30.09 75040 43650 313.80 167.70
LM02xLM17 4900 4950 86.00 8050 6237 6505 465 398 7285 6975 1226 1264 2380 2738 3941 2930 635.30 406.00 287.20 166.80
bottom five genotypes

LMO5xLM85 4850 4975 8425 7975 6042 6045 418 300 6855 6504 4112 1260 2361 2101 3922 2655 589.30 333.80 244.60 113.80
LM85 51.75 5125 8525 7825 61.02 6245 430 280 7355 7214 1387 1325 2644 2355 3755 2380 660.20 382.00 29540 113.00
LM17xLM85 4675 4800 8200 7650 6167 5820 483 363 7370 6957 1235 1204 2364 2140 4018 2382 75030 31270 38290 110.60
LMO5x LM17 4875 5000 8400 8050 6402 5572 39 314 7360 7044 1323 12256 2690 2015 3785 3054 631.00 379.10 284.00 101.10
LMO5x LM22 5600 57.25 9200 8450 66.02 5947 520 250 7255 6741 1406 1309 2721 1821 3685 29.54 108340 342.30 460.00 90.00
Mean 4956 5063 8492 8047 6238 61.09 451 357 7400 7188 1354 1283 2521 2222 3931 2876 701.47 399.00 317.22 143.62
CV (%) 252 301 327 28 658 573 2181 2290 753 719 4842 841 1653 1654 859 1434 2911 2010 3589 2518
SED 08 108 19 164 290 248 070 058 394 365 463 076 29 258 238 292 14440 5672 8013 2562
LSD (5%) 175 213 38 324 574 490 1375 115 779 723 916 151 58 511 472 577 28560 11220 15850 50.68

DTH = days to 50% heading, DTM = days to 50% maturity, PH = plant height (cm), TN = productive tiller number, SL = spike length (mm), SPS =
spikelets per spike, KPS = kernels per spike, TKW = thousand kernel weight (g), Bl = fresh biomass (g m?), GY = grain yield (g m?), CV% = coefficient
of variation, SE = standard error, LSD = least significant difference, NS = non-stressed, DS = drought-stressed

Low heritability (H”< 50%) was observed for DTM, PH, TN,
SL, SPS, KPS, TKW, and GY under both water regimes. The
heritability of GY were 17.64% and 14.42%, KPS were 28.47%
and 41.28%, and PH were 32.62% and 34.46% under drought-
stressed and non-stressed conditions, in that order. BI had
low heritability value of 17.59% in non-stressed conditions.

Genetic advance

The expected genetic advance varied widely under drought-
stressed and non-stressed conditions for the measured traits
(Tables 5 and 6). Higher genetic advances of 29.73 and 6.84%
were recorded for Bl and GY under drought stressed conditions,
respectively. However, the genetic advances of the two traits
were 37.61 and 17.12% under non-stressed conditions, in
that order. Other traits including DTH, DTM, PH, TN, SPS,
KPS, and TKW showed relatively low values of expected
genetic advance varying from 0% for TN to 2.56% for DTH
under bother water regimes except spike length which had a
genetic advance of 5.01 and 6.09% under drought-stressed
and non-stressed conditions, respectively. The GAM was the
highest for BI (7.45%), SI (6.97%), and KPS (5.10%) under
drought-stressed condition. The GAM for spike length was
8.23%, kernels per spike (7.84%), days to heading (5.65%)

and GY (5.42%) under non-stressed conditions. All the other
traits such as DTM, PH, SPS, and TKW show moderate to
low GAM.

Discussion

The high significant values of genotypes for DTH, DTM,
PH, TN, SL, KPS, TKW, and BI (Table 3) indicate that the
tested families show abundant genetic variation for effective
selection for drought tolerance using agronomic traits. Similar
results of high genotype differences for these traits have been
reported in different moisture regimes in wheat (Eid 2009;
Mwadzingeni et al. 2017). The non-significance of genotypes
by site by water regime interaction for all the traits indicated
that the environments were not highly discriminative of the
test genotypes. Increasing the number of test environments
may provide a better inference and improve our understanding
on the G x E effects of the selected genotypes.

The significant differences observed among genotypes
when tested under drought-stress conditions except for spikelets
per spike indicate the negative influence of moisture stress
on the expression of the assessed traits (Table 4). This led to
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Table 5. Genetic parameters for morphological characters and yield components in 78 wheat genotypes under drought stressed conditions.

Trait GCV (%) PCV (%) HZ (%) GA (%) GAM (%)
DTH 3.23 3.64 78.81 2.56 5.05
DTM 0.96 2.13 20.17 0.61 0.76
PH 2.56 4.48 32.62 1.57 257
TN 6.56 14.21 21.32 0.19 5.33
SL 5.07 6.49 60.98 5.01 6.97
SPS 2.22 4.96 19.96 0.22 1.74
KPS 5.43 10.18 28.47 1.13 5.10
TKW 0.00 8.74 0.00 0.00 0.00
Bl 4.38 4.53 93.53 29.73 7.45
GY 6.43 156.31 17.64 6.84 4.75

DTH = days to 50% heading, DTM = days to 50% maturity, PH = plant height, TN = productive tiller number, SL = spike length , SPS = spikelets per
spike, KPS = kernels per spike, TKW = thousand kernel weight, Bl = fresh biomass, GY = grain yield, GCV = genetic coefficient of variation, PCV =
phenotypic coefficient of variation, H2 = Heritability, GA = genetic advance, GAM = genetic advance as a percentage of the mean

Table 6. Genetic parameters for morphological characters and yield components in 78 wheat genotypes under non-stressed conditions.

Trait GCV (%) PCV (%) H” (%) GA (%) GAM (%)
DTH 3.50 3.82 84.11 2.80 5.65
DTM 1.25 2.31 29.44 1.02 1.20
PH 2.76 4.70 34.46 178 2.85
™ 0.00 12.66 0.00 0.00 0.00
SL 5.70 6.95 67.31 6.09 8.23
SPS 0.00 24.46 0.00 0.00 0.00
KPS 6.93 10.79 41.28 1.98 7.84
TKW 3.73 6.27 35.27 153 3.89
Bl 7.26 17.32 17.59 37.61 5.36
GY 8.11 21.36 14.42 17.12 5.42

DTH = days to 50% heading, DTM = days to 50% maturity, PH = plant height, TN = productive tiller number, SL = spike length, SPS = spikelets per
spike, KPS = kernels per spike, TKW = thousand kernel weight, Bl = fresh biomass, GY = grain yield, GCV = genetic coefficient of variation, PCV =
phenotypic coefficient of variation, H2 = Heritability, GA = genetic advance, GA = genetic advance as a percentage of the mean

reduced performance of genotypes for these traits due to
impaired physiological performance as pinpointed by Farooq
et al. (2014) who stated that drought affects wheat physiology
by reducing metabolic functions, reducing stomatal conduct-
ance, causing tissue dehydration and increasing leaf senescence.
Reduced performance due to drought stress in yield components
has also been reported in other studies (Allahverdiyev et al.
2015; Saleem 2003). The genotype by water regime interaction
was non-significant for all traits indicating that the genotypes
kept their rankings in the different water regimes.

The presence of high CV (Table 4) for some traits such as
GY and BI was expected and thus selection based on yield
alone is not dependable. The high CVs also show the vari-
ability that is associated with drought trials making them harder
to repeat than other agronomic trials (Rehman et al. 2015).
Low CVs were recorded for DTH, PH, and SL showing that
these traits could be used with more reliability for evaluating
genotypes.

Higher PCV values than the GCV values (Tables 5 and 6)
were observed for the tested traits indicating the effect of the

environment on the phenotypic expression of the traits (Ali
et al. 2008). However, the GCV and PCV values of DTH and
BI (Table 5) were almost equal under drought-stressed con-
ditions indicating that most of the variation for these traits
would be attributable to genetic effect (Khan and Naqvi 2011).
This provides a great opportunity for efficient selection using
these traits because their expression is controlled to a large
degree by the genetic variation of the genotypes. DTH is an
important trait for selection for drought tolerance. This trait
is a means of drought escape ensuring higher yields under
terminal drought stress. This provides a great opportunity for
selection for early heading and maturing genotypes with
high yield potential under drought-stressed condition (Abraha
etal. 2017).

High heritability for a trait shows that the phenotypic ex-
pression of the genotype is a good indicator of the genetic
potential of the genotype. BI showed low heritability under
non-stressed conditions but showed high heritability under
drought-stressed condition (Tables 5 and 6). Similar results
have been reported by Ahmadizadeh et al. (2011). Low her-
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itability observed for DTM, PH, KPS, and TKW under both
stressed and non-stressed conditions (Tables 5 and 6) indicate
a large impact of the water regime and the sites on the
expression of these traits. The heritability for these traits was
much lower in the drought-stressed conditions than non-
stressed conditions suggesting the impact of drought-stress
on reducing heritability of key traits. The decrease in heritability
values under drought-stressed condition signifies the difficulty
in selection of genotypes for drought tolerance under stress
necessitating testing of genotypes in both well-watered and
drought-stressed conditions. Similar result showing reduced
heritability values under drought stress were reported by
(Dorostkar et al. 2015; Eid 2009; Shukla et al. 2015). Therefore,
based on the observed heritability, selection using DTM, PH,
TN, KPS, and TKW may not lead to any genetic gain being
realised.

High heritability alone is not sufficient in predicting the
breeding value of a genotype but only informs of the amount
of genetic variation that is expressed in the phenotype.
Genetic advance serves to estimate the expected response to
selection for a certain trait. Therefore, occurrence of high
heritability and high genetic advance signify the presence of
additive gene action for the trait and thus selection for that
trait will lead to genetic gain for that trait (Jatoi et al. 2012).
Under such conditions, employing early generation selection
is advisable as selection at this stage will be effective in
identifying superior families. High heritability was recorded
for DTH under both water regimes with high levels of
genetic advance (Tables 5 and 6). The similarities in both water
regimes was expected as drought stress was imposed at
heading stage and therefore there was no impact of stress on
this trait. DTH and DTM can be exploited to produce early
maturing genotypes that escape drought stress by initiating
the reproductive phases of growth when the impact of
terminal drought has not set in. The genotypes that showed
the least number of days to heading and could be selected for
drought escape are LM04 x LM45, LM17 x LM85, LM17 x
LM23, LM22 x LM85, LM17 x LM22, and LM09 x LM17.

Fresh biomass showed the highest genetic advance under
both drought-stressed and non-stressed conditions showing
great potential for early generation selection. However, only
in the stressed environment was the highest genetic advance
observed in the presence of high heritability. This suggests
that the genetic component for fresh biomass is greatly ex-
pressed when the plants experience terminal drought stress.
Therefore, selection for increased fresh biomass at early
generations can lead to substantial genetic gains if selected
for in stressed conditions. High biomass in wheat is associated
with greater stem and leaf area. This leads to higher yields as
the plant has increased photosynthetic area which increases
photo-assimilate accumulation (Taheri et al. 2011). This is in
agreement with Blum (2009) who suggested that enhanced
biomass production due to effective use of water is the major
contribution to improved genotypic performance under
drought stress. All the top ten genotypes (Table 4) in this trial
showed higher than mean values for BI under drought-stress.

This is ideal for drought tolerance improvement as reported
by del Pozo et al. (2016), who state that the annual increases
in wheat yield that have been achieved since the 1960s have
been positively correlated to above ground biomass.

Longer SL is a desired trait under stress as it is associated
with higher grain number (Ahmed et al. 2016). Moderate
heritability observed for spike length in both water regimes
(Tables 5 and 6) was accompanied with high genetic advance.
Therefore, selection for improved spike length at this stage
will not be effective. Therefore, selection will need to be
delayed until later generation for it to be effective (Rehman
et al. 2015).

Grain yield showed high genetic advance, but the herit-
ability was low in both water regimes. This low heritability
for grain yield suggests that the genetic makeup of the
genotypes can be influenced under drought-stressed condition.
This is further supported by Ahmad et al. (2017) who reported
that a low response to selection coupled with low heritability
could be a result of environmental error and not a lack of
genetic variation. This explains the influence of the environment
on GY and the need to use component traits for indirect
selection. The highest yielding families in drought stressed
conditions were LM02 x LMO05 (199.8 g m'z), LM13 x LM45
(185.2 gm™), LM02 x LM23 (179.3 g m*), and LM09 x LM45
(175.6 g m™). The top three genotypes performed relatively
well in both drought-stressed and non-stressed conditions.
This agrees with the findings by Foulkes et al. (2007) and
Mwadzingeni et al. (2016) who reported that genotypes that
had high yield potential under optimum moisture conditions
also performed well under drought stress. Therefore, early
generation selection could be effective as the higher yields
obtained in the top genotypes is accompanied by higher than
the mean performance for TKW and BI. Higher yielding
families should be advanced to the F4 generation using single
seed descent.
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