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Abstract

Two successive cycles of di-
vergent selection for cell mem-
brane thermostability (CMS)
were carrted out from within F;
families of five populations of
wheat under heat stress as well as
under drought + heat stresses.
Another cycle of divergent selec-
tion for stomatal frequency was
also applied under drought + heat
stress to the F; families selected
for CMS in order to generate Fs
families with different combina-
tions of high CMS-high stomata,
high CMS -low stomata, low
CMS-high stomata and low
CMS-low stomata. The de-
scended F; families with such
combinations were field evalu-
ated for grain yield per plant and
1000 grain weight under favor-
able, heat stress and drought +
~ heat stress conditions. Significant
positive responses to selection
for CMS were obtained in the
five populations which averaged
26.29% and 26.53% in the F, and
Fs high CMS selections, respec-
tively and 25.21% and 24.30% in

the F; and Fs selections for low
CMS. Positive responses of
19.57% and 8.71% were obtained
in the high and low stomatal fre-
quency Fs selections, respec-
tively, under heat stress. Selec-
tion for higher CMS did not pro-
duce any significant correlated
responses in grain vield per plant
under favorable or drought stress
conditions although CMS was
strongly correlated with grain
yield per plant under drought
+heat stresses (r = (.80, p <0.01)
as well as under drought stress (r
= (1.64, p <0.01). However, posi-
tive correlated responses were
obtained in 1000 grain weight
under drought + heat stresses
which averaged 6.45% but not
under drought stress alone.
Meanwhile, positive correlatcd
responses to selection for high
stomatal frequency were dis-
played in grain yield per plant as
well as in 1000 grain weight un-
der both favorable and hcat stress
conditions.

Among the four combina-
tions of CMS and stomatal fre-
quency tested, the F; families
with the high CMS-high stomata
were the top in grain yield per
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plant with increments over unse-
lected buolks averaging 17.48%
under  favorable  conditions,
11.85% under heat stress and
17.83% under drought + heat
stresses. Similarly, increments in
1000 grain weight averaged 8.89,
8.53 and 9.45% under favorable,
heat stress and drought + heat
stresses, respectively. Such in-
crements were attributed to the
sypergistic effects of elevated
stomatal frequency and conse-
quently transpirational cooling of
canopy with cellular membrane
thermostability.

Introduction

Drought due to insufficient
soil water supply frequently oc-
curs concurrently with high tem-
perature at the end of wheat
growing season in the regions of
the world with Maediterranean
climate like Egypt. Drought, de-
pending on its timing and dura-
tion, causes 10-61% reduction in
grain mass (Cseuz et al, 2002)
while heat stress causes 10-15%
reduction in grain ‘yield due
mainly to reduced single grain
weight (Wardlaw and Wrigly,
1994).

Drought tolerance mecha-
nisms allow the plant to maintain
turgor and volume thus continue
metabolism even at a low water
potential (Turner and Jones,
1980). Such mechanisms include
osmotic adjustment and cellular
membrane stability, i. e. the abil-
ity of the plant to limit cell mem-
brane damage during water stress
and regaining membrane infeg-
rity and membrana-hound activi-
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ties quickly wupon rehydration
(Bewely, 1979).

High temperature affects
plants through acceleration of
phenology and the impairment of
the physiology of photosynthesis
and grain filling resulting in yield
losses (Stone, 2001). It also
causes leaf tissue injuries and
increased  cellular  membrane
permeability leading to electro-
lyvte leakage out of the cell. Cell
membrane stability is assayed by
the electroconductivity of aque-
ous solution containing leaf discs
that were either water stressed in
vitro by exposure to a solution of
polyethylene glycol (Bulm and
Ebercon ,1981) or heat stressed
by exposure to high temperature
(Shanahan et ai, 1990).

Variation in cellular mem-
brane stability was reported to be
related to variation in grain yield
in wheat under drought (Blum
and Ebercon, 1981; Tripathy ef
af, 2000 and Blum et al, 2001) as
well as under heat stress
(Shanahan et al, 1990; Ibrahim
and Quick 2001 a, b and Blum et
al, 2001).

Selection for cell membrane
thermostability (CMS) was suc-
cessfully carried out in wheat by
Omara et af, (2006) who ob-
tained a 19.5% average response
in the F; families selected for
greater CMS and correlated re-
sponses averaging 15.7% in grain
weight per spike and 8.25% in
1000 grain weight but the effect
on grain yield per plant was
rather Jimited. Moreover, the as-
sociation between CMS and
grain yield under heat stress was
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reported by Blum et af, (2001) to
be reasonably strong but not per-
fect indicating that heat avoid-
ance besides CMS may also sup-
port grain yield under high tem-
perature. Among the heat avoid-
ance mechanisms, canopy tem-
perature depression by transpira-
tional cooling was found to be
related to grain yield under heat
stress in wheat (Lu ef al, 1994
and Reynolds et af, 1998). Since
transpiration  normally  takes
place at leaf surfaces via stomata,
increasing stomatal frequency per
leaf unit area might lead to in-
creasing transpiration rate since
the two characters are positively
correlated m wheat (Maghsoudi
and Maghsoudi, 2008). However,
tolerance to drought requires re-
ducing water loss from the plant
via transpiration by selecting for
smaller stomatal frequency since
a 25% decrease in stomatal fre-
quency was found to cause a
24% reduction in transpiration
rate (Koy et al, 1972) or stomatal
closure control (James, 2007)..
Thus, it appears that in addition
to cellular membrane stability,
the stomatal characteristics re-
lated to heat tolerance in wheat
might be different from thosc
associated with drought toler-
ance. Evidently, drought and heat
tolerance in wheat were not cor-
related (Blum and Ebercon,
1981). Moreover, Reynoids et al,
(2001} reported that a drought
resistant wheat cultivar might not
be heat tolerant. The present
study cxplores the impacts of
selection for cell membrane
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thermostability and stomatal fre-
quency on tolerance to drought
and heat stresses in wheat (Triti-
cum aestivum L.). Two successive
cycles of divergent selection for
CMS were carried out under
drought and heat stresses starting
with F; families which resulted
from an initial cycle imposed on
F; segregates of five populations
under heat stress. Another cycle
of divergent selection for
stomatal frequency was also ap-
plied to the F, families selected
for CMS under heat stress in or-
der to generate F; families with
different combinations of high
CMS-high stomata, high CMS —
low stomata, low CMS-high
stomata and low CMS-low sto-
mata. The descended F¢ families
with those combinations were
field evaluated for grain yield per
plant and 1000 grain weight un-
der favorable, heat stress and
drought + heat stress conditions.
The objectives of the study were:

I- to measure the response to
sefection for CMS and stomatal
frequency under drought and heat
stresses,

2- to assess the corrclated re-
sponses I grain yield and 1000
grain weight under favorable,
heat stress and drought + heat
stresses.

3-to determine the rclative
impacts of CMS and stomatal
frequency on the grain yicld of
the selected families having dif-
ferent combinations of the two
characters under favorable and
stress environmental conditions.
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Materials and methods
Plant material

The plant material used in
this study consisted of 50 F;
families which represented the
outcome of an initial cycle of
divergent phenotypic selection
for high and low CMS applied to
five F, populations of Triticum
aestivumt L grown under heat
stress conditions (Omara et al,
2006).

The second cycle of selection
for CMS:

In the present study, the sec-
ond cycle of divergent pheno-
typte selection was applied to the
¥, selected families of the five
populations. From within each of
the five ¥ families of cach popu-
lation, the highest and the lowest
two plants in CMS score (2/15 =
13.3% selection intensity atter
pooling plants over blocks) were
selected and the seeds of the two
plants of each family werc
pooled fo form the selected F,
families.

In 2006-2007 season, sceds
of the selected F, families of the
five populations along with their
relevant Fy unselected bulks were
planted in three different envi-
ronments, namely, {avorable,
drought stress and combined
drought and heat stresses. In the
favorable environment, the 11
entries of each population (five
high + five low + bulk) were
sown into the clay fertile soil of
the Faculty Farm in an optimal
sowing date (26" November).
For the drought stress environ-
ment, the entries were sown in
29" November in the sandy cal-
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careous soil of El-Ghorieb Ix-
perimental Station which is lo-
cated in the eastern desert 25 km
south of Assuit where soil con-
tains 80% sand and 19% calcium
carbonates. As for the environ-
ment with combined drought and
heat stresses, the seeds of the 55
entries were sown into the sandy-
calcareous soil of the El-Ghorieb
Exp. Station in a late sowing datc
(28" December) so as to allow
the drought stressed plants to be
exposed to sporadic heat stress
waves when temperature rises in
March and April while plants
were al anthesis. In each envi-
ronment, seeds were sown in a
complete randomized block de-
sign with three replications with
cach entry represented in each
block by a row of ten plants
spaced 15 ¢m apart and rows set
30 cm from each other. Flag leaf
samples were collected from five
randomly chosen plants for each
entry grown in the drought + heat
environment for CMS assay. Af-
ter maturity, grain yield per plant
and 1000 grain weight were de-
termined in five guarded plants
randomly chosen from each en-
ry.

The third cycle of sclection for
CMS:

The third cycle of phenotypic
divergent selection for CMS was
practiced under the combined
drought and heat stresses condi-
tions. Family selection was prac-
ticed by picking the highest fam-
ity in CMS among the five F,
high selections and the lowest
CMS family among those in the
fow CMS direction. Meanwhile
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within each family, the three
plants with the highest CMS
score were selected to form 3 F;
high CMS famities in each popu-
lation (1/5*3/15 = 4% selection
intensity) and the three plants
with the lowest CMS score were
also selected from the F, family
with the lowest CMS score of
each population. In 2007-2008
season, seeds of the three plants
selected for CMS in each family
of each population were sown in
the clay soil of the Faculty Farm
in two different sowing dates,
namely an optimal date (25" No-
vember) and a late date (2™ Janu-
ary). Complete randomized block
design with three replications
was used with each entry repre-
sented in each block by a row of
ten plants spaced 15 cm apart
within rows set 3¢ cm from each
other. Flag leaves were sampled
from five random plants of each
entry in the heat stressed envi-
ronment for CMS assay. Grain
vield per plant and 1000 grain
weight were determined for each
entry in the two environments in
five guarded plants randomly
choscn.
Selection  for
" quency:
Selection for stomatal fre-
quency was imposed on the Fy
familics selected for high and
low CMS which were raised in
2006-2007 under combined
drought and heat stresses in the
sandy soil. For each of the five
populations, the highest and the
lowest family in stomatal fre-
quency were selected in each

stomatal fre-
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direction (high and low CMS).
Within each family, the highest
and the lowest three plants in
stomatal frequency were selected
to form the selected Fs families
of each population (1/10*3/15=2
% selection intensity).

In 2007-2008 season, seeds
of the three F; plants selected for
stomatal frequency in each popu-
lation as well as the unselected Fs
bulks were sown into the field of
the Faculty Farm in two sowing
dates namely a normal (25" No-
vember) and a late sowing date
(2" January) so chosen as to al-
fow the selected plants to be ex-
posed to the heat stress resulting
when temperature rises later in
the growing season. Complete
randomized block design with
three replications was used
within each environment where
each entry was represented in
each biock by a row of 10 plants
spaced 15 ¢m apart within rows
set 30 cm apart. Flag leaves of
five random plants were sampled
from each entry for stomatal fre-
quency determination. Grain
vield per plant and 1000 gran
weight were determined on five
guarded plants randomly chosen.
Establishing different combina-
tions of CMS and stomata] fre-
quency:

Within each of the six F;
families of the five populations
raised in 2007-2008 season, two
plants that combined: high CMS
and high stomatal frequency,
high CMS and low stomatal fre-
quency, low CMS and high
stomatal frequency and low CMS
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and low stomatal frequency
were determined to form two
families. The descended T
progenies of the 40 entries (four
combinations for each of the five
popuiations) along the five Fs
unselected bulks were ficld
evaluated in 2008-2009 season
under favorable, heat stress and
drought + heat stress conditions.
In the favorable environment the
45 entries were sown into the
clay fertile soil of the Faculty
Farm in an optimal sowing date
{28th November). For the heat
stress experiment, the 45 entries
were sown in a late date (2™
January) in the Faculty Farm. As
for the environment with com-
bined drought and heat stresses,
the seeds of the 45 entrics were
sown at the El-Ghorieb Exp. Sta-
tion in a late sowing date (1™
January) so as to allow the
drought stressed plants to be ex-
posed to heat stress when tem-
peraturc rises in March and April
while plants at flowering, Seeds
were planted in each environ-
ment in a complete randomized
block design with three replica-
tions where cach entry was repre-
sented in each block by a row of
ten plants spaced 15 cm within
rows set 30 em from each other.
Grain yield per plant and 1000
grain weight were determined for
each entry in each block in a ran-
dom sample of five guarded
plants
Cell membrane thermostability
assay:

The CMS assay was per-
formed according to the method
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described by Fokar er al,.
{1998a). CMS was calculated as
the reciprocal of cell membrane
injury after Blum and Ebercon
(1981), using the formula:

[(“I/J

CMS (%) =

x 100

A

Where: T and C refer to heat
treatment and control, respec-
tively and | and 2 refer to initial
and final conductance readings,
respectively.

Stomatal frequency measurement

Flag leaf samples were taken
from five random plants of each
of the selected and bulk F; fami-
lies in the same day, right after
flowering was complete. For
each sample, a 1 cm segment was
taken from the bottom part of the
flag leaf, placed in a capped vial
containing Carnoy's solution and
was transferred to the laboratory
for stomatal frequency estima-
tion.

Stomatal frequency was
determined on the adaxial surface
of the flag leaf along each side of
the mid-rib. Before microscopic
examination, flag leaf samples
were immersed in lactic acid for
15 to 20 minutes. Stomata were
counted under the 40 x objective
lens of a light microscope in 10
microscopic fields for each sam-
ple. The average stomatal fre-
quency per 10 fields was then
converted to average stomatal
frequency per mm’ (each field
corresponded to  1/6.0172mm?).
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Heritability estimation
Heritability of each character
was estimated by two methods:

1- Realized heritability
was calculated as:
R = [H s L s ]

IH,-T,]
where: ﬁs and Es are the
average of the F, families se-
lected for a trait in the high and
low directions, respectively while
H, and L ; are the average of the

F,.; families selected for that trait
in the two directions (Ibrahim
and Quick, 2001, a).
2-Parent-offspring regression
(by,) was determined for each

on the means of their correspond-
ing F,.; progenitor plants.

The expected response to
selection for CMS and stomatal
frequency was calculated using
the formuia: R=#’S where R is
the expected response, A° is the
heritability and S is the selection
differential (Falconer, 1989).
Daily temperatures

The recorded temperatures
during March 2007, 2008 and
2009 indicated that heat waves
have occurred with temperature
rising above 34°C for several
days which coincided with the
post flowering stages of plant
development (Fig. 1).

character by regressing the
means of the F, selected families
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Fig. 1: Maximum daily temperatures during March 2007, 2008 and

2009.

Results
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Response to selection in the F,
and Fs families for CMS
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Significant  positive  re-
sponses to selection for CMS
were obtained in the high and
fow directions in the F, families
of the five populations raised
under combined drought and heat
stresses (Table 1).

The observed responses to
selection for higher CMS varied
considerably among the five
populations ranging from 8.27 to
47.58% of population mean with
an average of 26.29%. As to se-
lection for lower CMS, the re-
sponses were less variable rang-
ing from 18.62 to 40.77% with
an average of 25.21%. The ob-
served responses were consis-
tently greater in magnitude than
those expected in both the high
and low CMS directions (see Ta-
ble 1). The realized heritability
estimates ranged from low in
three populations (0.18, 0.35 and
(.32) to moderate in two (0.44
and (.51). The heritability values
as measured by the parent-
offspring regression were almost
identical to the reahized herita-
bilities.

Meanwhile, significant posi-
tive responses to selection for
both higher and lower CMS were
obtained under the heat stress of
a late sowing date in clay soil n
the Fs generation of the five
populations (Table 1). The re-
sponse to selection for higher
CMS in the five populations
ranged from 9.00 to 57.71% of
population mean with an average
of 26.33%. Meanwhile, for the
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fow CMS direction the responses
ranged from 6.73 to 42.98% of
population mean with an average
of 24.30%.

The observed responses to
selection for high CMS in the ¥;
generation exceeded those ob-
tained in the F; gencration by
3.56, 10.13 and 6.61% in pop.
No. [, pop. No. 3 and pop. No. 4,
respectively. Similarly, the re-
sponses for low CMS in the F;
generation surpassed those ob-
tained in the F, generation by
17.55, 5.48 and 7.87% in pop.
No. 1, pop. No. 3 and pop. No. 5,
respectively. Evidently, the third
cycle of selection which was ap-
plied to the F, families produced
further genetic advance over that
resulted from the second cyele of
selection in three populations.
Correlated responses te diver-
gent selection for CMS:
1-Grain yield per plant:

Selection for high CMS did
not produce any significant cosre-
lated responses in grain yield per
plant under either favorable or
drought stress  environmental
conditions in any of the five in ¥,
populations (Table 2).

However, significantly
positive  correlated responses
were observed under combined
drought + heat stresses in two of
the five populations, namely pop.
2 and pop. 4 which amounted to
23.73 and 17.02% of the popula-
tion mean, respectively, Mean-
while, selection for lower CMS
produced significant
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Table(1):Means of CMS of the high and low F, Fs selections and bulks of the five populations as measured under
combined drought + heat stresses in F4 and heat stress in Fs together with the % observed and expected

responses, realized heritability and parent-offspring regressions.

4 o Sistjua

i

Populations Pop. (1) Pop. (2) Pop. (3) Pop. (4) Pop A5~
Generations F4 F5 F4 F5 F4 F5 F4 Fs F4 Fs
High 25.77 79.37 3533 66.7 44.67 55.95 62.77 67.70 41.90 58.09
§ Bulk 23.80 70.97 29.05 61.19 30.27 35.48 56.34 57.36 29.38 42.68
& ‘
“ Low 17.75 40.47 17.21 50.62 24.53 26.80 45.85 53.50 22.84 29.82
= Observed | 8.27* 11.83**| 21.62* 9.00* 47.58*%* 57.71%* | 11.40* | 18.01* | 42.59%* 36.11*
R
ol o Expected | 2.94 5.19 6.50 11.24 19.75 16.56 1.44 18.85 17.01 12.65
o
’§ . Observed | 25.43* | 42.98** | 40,77** 17.27* | 18.97** 24.45*% | 18.62* | 6.73* 22.27* 30.14*
=
& % Expected | 6.67 2.07 7.64 9.97 13.23 9.03 1.52 18.50 15.68 8.37
. 0.18 0.53 0.44 0.24 0.35 0.40 0.51 0.20 0.32 0.42
= Realized
=1
g b 0.17+. 10.58x | 0.4+ 0.18+ | 0.34+ 042+ |05« 022+ |031+ 048 +
Ej po 0.05*%* | 0.34 0.07** 0.2 0.04** 0.11* 0.1** 0.15 0.07** 0.09**

*P<0.05 **P<0.01
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Table(2):Means of grain yield per plant (g) of the high CMS and low CMS F, selections and bulks of the five populations
raised in favorable (F), drought stress (D) and drought + heat stresses (D+H) environments and in F5 selections in
favorable (F) and heat stress (H) environments together with % correlated responses (C. R.).

7

Populations Pop. (1) Pop. (2) | Pop. (3) Pop. (4) { Pop. (5)
F,
Envirenments F D D+H F D D+H F D D+H F D D+H F D D+H
High | 36.06 | 12.65 | 9.59 | 4162 | 21.11 | 11.93 | 53.13 | 21.07 | 1334 | 5629 | 2428 | 1341 | 4467 | 2578 | 1233
S Bulk | 3466 | 1132 | 958 | 4047 | 2054 | 9.64 | 5194 | 17.56 | 12.62 | 54.14 | 23.07 | 1146 | 42.10 | 2420 | 11.01
= Low | 3484 | 1145 | 834 | 3954 | 1844 | 899 | 5127|1880 [ 1177 | 51.23 | 1930 | 1071 [ 4033 | 2005 | 9.72
= |High| C.R| 404 | 1175 | 0001 | 284 | 277 | 23.73% | 229 | 2000 | 569 | 3.97 | 521 |17.02* | 6.10 | 653 | 1198
S,
¥
S 2 Low | C.R|-052 |-122 {129% | 229 | 1021 | 677 | 130 | -7.07 | 678 | 536 | 164% | 660 | 421 | 17.1% | 11.70
2
Fs
Environments F H F H F H F H F H
High 33.93 24.56 32.93 27.20 26.84 24.63 27.61 25.65 27.79 23.11
2 Bulk 25.68 2377 30.27 23.23 26.05 2241 24.66 23.95 26.11 20.81
v
p= Low 27.46 22.30 24.95 19.95 26.18 2278 24.64 22.48 2538 2041
- | High|C.R| 3213+ 3.34 8.78 17.06* 3.04 9.90 11.95 7.08 6.45 11.02
g,
L2 [ e
52 Low | C.R| -692 6.19 17.58 14.11* -0.48 -1.64 0.09 6.15 2.79 1.93
o Y
S

*P<0.05 **P<0.01
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positive correlated responses in
grain yield per plant under
drought stress in only two of the
five populations namely pop. 4
and pop. 5 where the reductions
in grain yield amounted to 16.4
and 17.1% of the population
mean, respectively and in pop. 1
(12.90%) under drought + heat
stresses conditions.

Averaged over all the geno-
types tested, grain yield per plant
was reduced from 44.82 g in the
favorable environment to 19.31 g
under drought and further down
to 1096 g under combined
drought + heat stresses. Appar-
ently, drought stress of the sandy
soil was quite strong resulting in
a 56.9% average reduction in
grain yield per plant whereas the
reduction under  combined
drought + heat stress in the sandy
soil reached 75.5% indicating
that the reduction due to heat
stress alone reached 18.6%. Cell
membrane thermostability was
found to be strongly correlated
with grain yield per plant under
the combined drought + heat
stresses (r=0.80, p < 0.01) as well
as under drought stress (r = 0.64,
p <0.01) or under favorable con-
ditions (r=0.77, p < 0.01).

The third cycle of selection
for higher CMS Fs did not pro-
duce significant correlated re-
sponses in grain yield per plant
except in one population under
favorable conditions and another
population under heat stress (Ta-
ble 2). Meanwhile, selection for
lower CMS produced significant
positive correlated response in
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only one population under heat
stress. The mean grain yield per
plant as averaged over all Fs
families was reduced from 27.37
g in the favorable environment to
23.15 g under heat stress of the
late sowing date in clay soil de-
noting a 15.4% average reduc-
tion. The CMS values of the Fs
high and low selections and the
bulks were significantly corre-
lated with grain yield per plant
under heat stress (r = 0.67, p <
0.01) as well as under favorable
conditions (r = 0.57, p < 0.05).

2- 1000- grain weight

The second cycle of selection
for higher CMS applied to the F;
families produced significantly
positive correlated responses in
1000 grain weight of the F, selec-
tion of the five populations under
combined drought + heat stresses
of the sandy soil (see Table 3)
which ranged from 5.02 to 7.52%
with an average of 6.45% of the
population mean. No significant
correlated responses were ob-
served under drought stress alone
in any of the five populations.
However, under the favorable
conditions significant positive
correlated responses were mani-
fested in the high CMS F; selec-
tion of three of the five popula-
tions.

Selection for lower CMS re-
sulted in significant correlated
responses in 1000 grain weight in
the Fy selection of only two of the
five populations, namely pop. 1
and pop. 4 under combined
drought + heat stress which
reached 4.56% and 6.49%,
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respectively as well as under
drought stress (4.6 and 4.7%, re-
spectively). Meanwhile, a signifi-
cant positive correlated response
was observed under favorable
conditions in only one of the five
populations (pop. 5) which
amounted to 6.17%.

The impact of heat stress on
1000 grain weight was much
stronger than that of drought
stress. The average of 1000 grain
weight over all genotypes was
reduced from 46.33 g in the fa-
vorable environment to 46.00 g
under drought stress and further
down to 41.88 under drought +
heat stresses indicating a 0.7%
reduction due to drought stress
against 8.9% reduction due to
heat stress.

Significant positive corre-
lated responses in 1000 grain
weight were also displayed in the
F5 selections for higher CMS in
the five populations under favor-
able and heat stress conditions
except in pop. 4 under favorable
conditions (Table 3) which aver-
aged 5.83% of the population
mean under favorable condition
and 6.40% under heat stress.
Meanwhile, selection for lower
CMS produced significant posi-
tive correlated response in two of
the five populations in the favor-
able environment and in four un-
der heat stress conditions.

The mean 1000 grain weight
as averaged over all Fs families
was reduced from 44.27 g in the
favorable environment to 42.2 g
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i
under heat stress of the llate sow-
ing date in clay soil denoting a

4.67% average reduction,
Response to selection 131 the F;
families for stomatal fréquency:
Positive responses &ere ob-
tained in the Fs families selected
for higher and lower sfomatal
frequency under the favorable as
well as under the heat stress con-
ditions in the five populations
(Table 4). Under favorable condi-
tions, the response to selection in
the high stomatal frequency di-
rection ranged from 5.24 to
18.67% of the population mean
with an average of 10.66%. Un-
der heat stress, the % response
was greater and ranged from
11.02 to 23.9% with an average
of 19.57%. As to the low sto-
mata frequency direction, the %
response ranged from 10.73 to
19.38% with an average of
13.67% under the favorable con-
ditions but was much smaller un-
der heat stress where the response
ranged from 3.92 to 13.94% with
an average of 8.71%. For each of
the five populations, the realized
heritability of stomata frequency
was comparable to the heritability
values as estimated by parent-
offspring regression in the two
environments. Generally, the re-
alized heritability estimates were
smaller in the favorable environ-
ment (0.27, 0.59, 0.32, 0.34 and
0.41 in the five populations) than
under heat stress (0.47, 0.44,
0.42, 0.42 and 0.60).
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Table(3) Means of 1000 grain weight (g) of the high CMS and low CMS F,_F; selections and bulks of the five
populations raised in favorable (F), drought stress (D) and drought + heat stresses (D+H) environments in
F, and in favorable (F) and heat stress (H) environments in Fs together with % correlated responses (C. R.).

Populations Pop. (1) ! Pop. (2) Pop. (3) l Pop. 4) Pop. (5)
F4
Environments F D D+H F D D+H F D D+H F D D+H F D D+H
High 43.00| 45.05| 44.02| 43.74] 4452 4239] 5155 46.92| 44.68] 49.00| 48.04| 4421, 53.71] 51.92| 4548
E Bulk 42.50; 44.12) 41.92; 40.44| 42.67| 3942] 4817, 4581| 41.77| 46.67) 4625 41.30| 52.79] 51.25| 43.03
2 Low 41.04) 42.09| 40.01| 37.83| 40.82| 38.32| 49.76] 46.08{ 40.55| 45.25| 44.07| 38.62] 49.53] 5039 42.49
< High | C.R 118 2,12 5.02%¥% 8.15% 4.34| 7.52%% 7.03% 242| 6.96* 5.01*% 3.87 ’7704** 1.74 1.31] 5.71*4
R |
é é— Low | C.R| 3.45| 4.60% 456* 645 432| 279| -331] -0.60| 292 3.04| 4.70* 649*% 6.17*] 1.69 1.24
¢z |
FS
Environments F H F H F H F H F H
F High 48.11 45.12 43.77 41.85 44 .34 43.09 42.78 41.86 54.74 52.31
E Bulk 4397 43.20 40.02 39.13 42.25 41.55 41.62 39.37 52.11 48.38
2 ’7 Low 42.42 40.83 36.24 33.15 42.86 41.37 37.25 34.78 51.68 46.94
i High | C. R | 9.43** 4.46** 9.37* 6.95** 4.93** 3.70* 2.78 6.33* 5.05*% 8.12+*
E §. Low | C.R | 3.52 5.47* 9.45* 15.28*% -1.43 0.43 10.50** 11.65%* 0.84 2.97%
i3
*P<0.05 **P<0.0]
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Table(4): Means of stomatal frequency per mm’ of the high and low Fj selections and unselected Fs bulks of
the five populations as measured under favorable (F) and heat stress (H) in clay soil together with
the % observed responses, realized heritability and parent-offspring regressions.

Populations 1 2 3 4 5
Environments F H F H F H F H| F H
High 78.20 89.81 83.97 89.56 74.26 | 83.91 r78.11 91.55| 76.19] 87.12
Bulk 74.31 72.49 70.76 80.67 67.13| 69.64| 73.30 75.82ﬂ 67.89| 71.56
Low 64.72 66.27 57.05 69.43 59571 64.6| 6298] 72.85/ 60.61 64.52
. High Observeﬁ 5.24 23.90* | 18.67*Y 11.02**| 10.62*4 20.49*] 6.56*% 20.75%] 12.22%1 2].73**
BN
g
E Low | Observeq 12.91** 8.58* 19.38*%  13.94%*1 11.26%% 7.24*4 14.08%] 3.92*%| 10.73*] 9.85*
I8
| — y—\
Realized 0.27 0.47 0.59 0.44 0.32 0.42 0.34 0.42 0.41 0.60
;~;‘ |
g 0.34=+ 051+ 0.63+ 0.49+ 0.36+ 043+ | 036+ | 0.4+ | 0.42+ | 0.66x
g: Dpo 0.054** | 0.104%* | 0.113** | 0.053** | 0.058**| 0.09* | 0.091*] 0.102%1 0.124* | 0.139**
<

*P<0.05 **P<0.0]
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Correlated response to diver-
gent selection for scomatal fre-
quency:
1-Grain yield per plant:

Selection for higher stomatal
frequency produced significant
positive correlated responses in
grain vicld per plant in three of
the five populations under favor-
able conditions, namely pop. 3,
pop. 4 and pop. 5 which
amounted to 21.69, 34.1 and
19.42% of the population mean,
respectively (Table 5). However,
under heal stress, selection for
higher stomatal frequency pro-
duced significant positive corre-
lated responses in grain yield per
plant in only two of the five
populations, namely  pop.2,
(19.71%) and pop. 5 (11.29%).
Meanwhile, selection for low
stomatal frequency did not pro-
duce any significant corrclated
responses in grain yield per plant
either under favorable or heat
stress conditions in any of the
five populations.

Stomatal frequency was sig-
nificantly correlated with grain
vield per plant under heat stress

(r=0.64, p < 0.01) as well as un-
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der favorable conditions (r =
0.53, p ~ 0.05).
2- 1000 grain weight

Selection  for  higher
stomatal frequency produced sig-
nificantly positive correlated re-
sponses in 1000 grain weight in
the Fs selections in four of the
five populations under heat stress
(Table 5) which amounted to
6.93, 13.69, 5.02 and 9.29% in
pop. Ne.l pop. No.2 pop. No.3

and pop. No.4, respectively.
However, under the favorable
conditions significant positive

correlated responses were mani-
fested in the high stomatal fre-
quency Fs selections in three of
the five populations, namely pop.
1, pop. 2 and pop. 4 which
amounted to 8.26, 14.21 and
7.12% of the population mean,
respectively. Meanwhile, no sig-

nificant  correlated  responses
were observed in the low
stomatal frequency selections

under either favorable conditions
or heat stress except in popula-
tion No. 2 (8.99 and 12.39% in
favorable and heat stress envi-
ronments, respectively).
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Wable(5): Means of grain yield per plant (Upper values) and 1000 grain weight (g) {Lower values) of the high and low
as well as the F; bulks of the five populations grown in the favorable (F)
and heat stress (H) environments together with the % correlated responses to selections.

stomatal frequency F; selections

Populations 1 2 3 4
Environments F H F H F H F H F H
Hiioh 2940 | 2470 3551 2781] 3070 | 2348 33.08| 2516| 31.11| 23.16
B g 47.6 | 46,19 | 4571 | 4448 | 4391 | 4437| 44.58| 4302, 53.16| 50.23
Bulk 2568 | 2377 3027 2323 2605| 2241 24.66| 2395] 2605 20.81
" 43971 432 | 4002 39.13| 4242 4215| 41.62| 3937! 5211 | 49.27
Low 2695 23911 270 2262 3017 235 | 2638 2237 2862 22.11
4396 | 4329 | 3642 | 3428 43.78| 433 | 41.27| 3829 51.12| 49.37
High | C.R | 1449 392 | 1731] 1971%1 21.69%| 477 | 3400%% 506 | 19.42% 11.29*
o | B ' 8.26%*%| 6.93**| 1421*% 13.96** 351 | 5.02%| 7.12%| 929*| 200 | 195
EERE R | 495 060 1050 265 | -1581| -486| -696| 661 | 985 -8.6
- ' 0.02 | 021 | 899%) 1239% 321 | -2.48| 0.84| 274 | 191 | -0.13
n o
jm

P <0.05

** p <0.01

0102 9 12 v
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Impacts of the selection for
CMS and stomatal frequency
on tolerance to drought and

heat stresses

1- Grain yield performance:-

The F; families combining high
CMS  with high stomatal fre-
quency proved to be the top

yielding under the three envi-
ronmental conditions

(Table 6)

Table (6): Mecans of grain yield per plant (upper value) and 1000
grain weight (g) (lower value) of the F¢ unselected bulks
and the F¢ families with high CMS-high stomata (HH),
high CMS-low stomata (HIL.), low CMS-high stomata(l.H)
and tow CMS-low stomata (LL) of the five populations un-
der favorable, heat stress and drought + heat stresses condi-

tions.
Populations () 2) 3 4 (5) Mean
Favorable
HH 48.528 51.866 | 40.881 47553 | 44311 46.62
o8,1A 47.11 51.58 46.14 5428 50.66
HI 46.444 | 40383 | 30223 | 49.769 | 40.044 | 41.37
' 51.15 £4,7Y 4976 46.72 53.97 49,18
Bulk 40906 | 39.241 | 35363 | 44,121 | 38.630 | 39.65
50.56 £YLY 47.29 4221 50.24 46.52
LH 38.530 | 45294 | 31.898 [ 33.203 35.356 | 36.86
49.53 £7,74 46.67 41.92 47.83 46.45
LL 27.968 29.182 | 29573 | 33.670 | 34.479 | 30.97
45.23 TV, 4535 41.48 | 43.77 42.71
Heat stress
HH 25.183 [ 24,194 | 32,053 |[33.098 | 23.976 | 27.70
47.88 £V, A 50.49 474 51.82 48.93
HI 29211 24.157 | 31319 | 27.636 | 23430 | 27.15
’ 47.55 40.43 50.2 46.01 52.94 47.43
Bulk 24.656 ;22030 | 24.035 | 30.754 | 22353 | 24.77
- 46,12 39,89 46 .4 43 43 496 ¢ 4509
LU 25.801 | 25.69 26.725 | 26.871 22967 | 2561
4475 | 437 |5057 4372 | 5051 | 46.65 |
LL 17.650 17479 | 24.655 | 25.615 15.199 | 20.12
39,38 36.46 1,0 A 40,37 46,42 41.87 -
Drought and Heat stress
HH 23._095 18.390 | 19.863 | 24,123 | 28.363 | 2277
45.43 44.12 43.69 44 73 48.63 45,32
HL 17.024 | 14501 | 17943 | 27492 | 25.622 | 20.52
4376 39.74 40.63 43.24 48.69 43,22
Bulk 21.687 15.303 13399 | 23.138 | 23.078 19.32
B 42.54 38.6 38.98 401 4681 41.41
I.H 13.673 19.291 12.439 1 21.518 { 28.754 19.14
3 40.14 41.92 39.61 39.44 43,74 40.97
LI 12.234 16.525 13.632 19.150 17.334 15.78
! 35.41 34.51 38.96 37.51 44 37 37.95
*P<0.05 **P <001
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Positive grain yield incre-
ments were uniformly displayed
over the unselected bulks in the
five populations (Table 7). Under
favorable conditions, the incre-
ments in the high CMS-high
stomata families of the five popu-
lations ranged from 3.43 to 12.62
g with an average of 6.93 g rep-
resenting 17.48% over the mean
of the unsclected bulks. The in-
crements under heat stress ranged
from .53 to 8.02 g with an aver-
age of 2.93 g indicating an
11.85% average increment. Un-
der the combined drought + heat
stresses, grain yield increments
ranged from (.99 to 6.64 g with
an average of 3.45 g indicating a
17.83% average increment over
the bulk. Families that combined
high CMS with low stomatal dis-
played inconsistent changes in
grain yield per plant relative to
the unselected bulks. Signifi-
cantly posittve increments were
confined to only one of the five
populations in the favorable envi-
ronment, two under heat stress
and two under combined drought
+ heat stress where a significant
reduction was alse obtained in
one population {Table 7).

As to the low CMS-high
stomatal  frequency  families,
grain vield per plant was reduced
under favorable conditions in
four of the five populations
where the reduction reached sig-
nificance in one population.
Meanwhile, the changes were
rather inconsistent under heat
stress where positive increment
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was displayed in one population
while significant reduction was
obtained in another. Similarly,
positive increments were ob-
tained in two of the five popula-
tions under combined drought +
heal stresses while a reduction
was obtained in one population.

The low CMS-low stomata
families of the five populations
uniformly displayed considerable
reductions in grain vield per plant
under the favorable environment
which ranged from 4.15 to 12.94
g with an average of 868 g
marking 21.88% average reduc-
tion. Similarly, significant reduc-
tions were obtained in four of the
five populations under heat stress
which averaged 18.76% relative
to the unselected bulks. Under
drought + heat stresses, signifi-
cant reductions were manifested
i the families of three of the five
populations  which  averaged
18.35% of the bulk mean.

2- 1000 grain weight:-

The high CMS-high stomata
families of the five populations
uniformly displayed significant
increments over the unselected
bulks which averaged 8.89% un-
der favorable conditions, 8.53%
under heat stress and 9.45% un-
der combined drought + heat
stresses (Table 7). Similar but
smaller significant positive in-
crements were cxhibited by the
high CMS-low stomata families
averaging 5.72, 5.19 and 4.39%
in favorable, heat stress and
drought + hecat stress environ-
ments, respectively.



Table (7): Increments in grain yield per plant and 1000 grain weight (g) of the F¢ families with different combinations
of CMS and stomatal frequency over the F, unselected bulks of the five populations in favorable, heat stress
and drought + heat.environments.

(01~ #L) (0107 27 114y “Mupy jmssy 0148y fo o0y sistiua

[ Population | 1] 2 1 3] 41 5 | Mean increment () | % increment of unselected bulk mean
' Favorable
High stomata 7.622 12.62%%| S518% 3.432 5.68* 6.93* 17.48
High CM$ 3.62%% 4.81*F% | 4.29%%) 3.93%+)  4.04%* 4.14%* 8.89
Low stomata 5.538 1.142 -5.14] 5648+ 1414 1.7204 4.34
0.59 2.01* 2ATHH 451%H 37444 2.66* 372
High stomata -2.376 6.053 -3.465| -10.9% 3274 -2.796 -7.05
Low CMS  + -1.03 4.00%* -0.62 -0.29 -2.41% -0.—07 -0.16
Low stomata -12.938% -10.05**%  -3.79*% -10.45* -4.151 -8.677* -21.88
-5.33%* -4 58*%% 1 -1.94%4  -0.73] -6.46** -3.81%* -8.19
Heal stress
High stomata 0527 1 2.164* | 8018*4 2344 1.623 2.935% 11.85
© | High CMS 1.77+% 7.19%* 4.09F% | 397k 2.22% J.85%* 8.53
o Low stomata 4555+ 2,127 | 7.284%%  -3.118 1.077 2.385 9.63
1.43% 0.54 3.80%%|  2.59% | 3354 2.34% 5.19
High stomata 1.145 3.6624% 2.69 | -3.883%  0.614 0.845 3.41
Low CMS -1.37% 3.80** 4.17** 0.29 0.92 1.56. 3.46
Low storata ~7.006* | -4.551%%) 062 | 51394 -7.154%% -4.646* -18.76
-6.20%* -3.43%* -0.32 | -2.86%) -3.17%* -3.21%* -7.13
Drought and Heat stress
High stomata 1.408 3.0_87;’7 6.464*  (.985% 5.285% 3.445% 17.83
High CMS 2.80%% S5IMF | A472FE 4 G3F* .82 3.91%* 9.43
Low stomata 4.663+* -0.802 | 4.544%  4.35* 2.544 1.195 6.19
) 1.22%* 1.14** .71 3.14% 1.88 1.82% 4.39
High stomata -B.0E4**|  3.088%* -0.96 -l1.62 5.67** -0.186 -0.96
Low CMS -2.39%# 331 0.63 -0.67 4 3.07** -0.44 -1.05
Low stomata -9.453%* 1.222 0.233 | -3.98%| -5.74** -1.546* -18.35
S2.13% | 410 -0.02 | L2594 244% -3.66%* -8.83

*P<0.05 **P<0.01
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Evidently, the 38.55% greater
stomatal frequency of the high
CMS-high stomata families over
the high CMS-low stomata fami-
lies enhanced 1000 grain weight
by 3.27, 3.14 and 5.06% in fa-
vorable, heat stress and drought +
heat environments, respectively.
Meanwhile, the low CMS-high
stomata families of the five popu-
lations  displayed inconsistent
performance in the three envi-
ronments. Under the favorable
environment, positive increment
was displayed in one population
while significant reduction was
obtained in another. Similarly,
positive increments were ob-
tained under heat stress in two of
the five populations and a reduc-
tion in one population. Under
combined drought + heat stress,
posiiive increments were ob-
tained in one of the five popula-
tions and a reduction in two. The
low CMS-low stomatal fre-
quency uniformly displayed sig-
nificant reductions in 1000 grain
weight relative to the unselected
bulks which averaged 8.59, 7.13
and 8.83% under favorable, heat
stress and drought + heat stress
conditions, respectively.
Discussion

Two successive cycles of di-
vergent selection for CMS were
employed in this study on the F,
families which resulted from an
inttial cycle carried out by Omara
et al., (2006) on the F; segregates
of five populations. The average
responses of 26.29 and 25.2%
obtained in the high and low
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CMS F, selections, respectively
as apposed to the corresponding
responses of 19.52 and 11.9% in
the F; selections reported by
Omara ef af., {2006) indicate the
occurrence of farther genetic ad-
vances averaging 6.77 and 13.3%
in the two directions. Meanwhile,
the responses in the F; selections
which averaged 26.53 and 24.30
in the high and low directions,
respectively would indicate a
stagnation of selection since the
two values are almost equal to
those obtained in the F, selec-
tions.

However, three of the five
populations, when individually
considered, displayed further ge-
netic advances of 3.36, 10.13 and
6.61% over the corresponding
responses in the F, sclection in
the high CMS direction and
17.55, 5.48 and 7.87% in the low
CMS direction. Apparently, the
additive genctic variation for
CMS in those populations was
not depleted after the two cycles
of selection. The fact that the
observed responscs were consis-
tently greater than the expected
responses would indicate that
genes with dominance effects
were involved in the control of
CMS under combined drought +
heat and heat stress conditions.
The rather low to moderate real-
ized heritability estimates ob-
tained in the Fy (ranged from
0.18 to 0.51) and the Fs (ranged
from 0.20 to 0.53) for CMS were
similar to those reported by Ibra-
him and Qiuck (2001, a)
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which ranged from 0.27 to
0.47 and by Omara et al., (2006)
ranging from 0.09 to 0.57.

Selection for greater CMS
did not result in any correlated
responses in grain yield per plant
either under favorable or drought
stress conditions while positive
responses were obtained in only
tow populations under drought +
heat stresses. Moreover, selection
for smaller CMS did not impact
grain vield under favorable con-
ditions while significant reduc-
tions were confined to only two
of the five populations under
drought and onc population un-
der heat. Similarly, very limited
effects of selection for CMS on
grain yield per plant were ob-
served in the Fs selections of
only one population under favor-
able and another one under heat
stress. Evidently, selection for
CMS alone cannot improve grain
vield in wheat under abiotic
stresses in confirmation of the
conclusion reached by Blum et
al., {2001). However, CMS and
grain yield per plant were posi-
tively correlated in this study
under drought + heat stress (r
=0.80, p< 0.01) as well as under
heat stress {r = 0.64, p < 0.01) or
under favorable conditions. Such
association is in agreement with
that reported by Blum erf
al. (2001) on CMS being corre-
lated with grain yield under heat
stress (r = 0.53, p < 0.01) but not
under favorable conditions. Simi-
lar positive association between
CMS and grain yield in wheat
under drought and heat stresses

94

were also reported by Shanahan
et al, (1990); Blum and Ebercon,
(1981); Tripathy ef «f., (2000)
and Ibrahim and Quick (2001 a).

However, CMS was not re-
lated in this study to either
drought susceptibility index of
grain yield (r = -0.15) or heat
susceptibility index ( r = G.13)
where both indices which are
independent from mean grain
yield, were negatively correlated
(r = -0.56, p < 0.05). Evidently,
other mechanisms besides CMS
are involved in enhancing grain
yicld under abiotic stresses which
are most likely different under
heat stress from those operating
under drought stress. According
to Blum and Ebercon (1981),
drought and heat tolerance are
not correlated in wheat.

Unlike, the stronger impact
of drought on grain yield per
plant (56.9% average reduction)
as compared with that of heat
stress (18.6% average reduction),
drought stress have had much
weaker effcct on 1000 grain
weight (only 0.7% average re-
duction) than that of heat stress
(8.9% average  reduction).
Drought was reported to have
little effect on the rate of grain
filling since a greater proportion
of the grain weight comes from
carier mobilization of non-
structural reserve carbohydrates
from the stem (Blum et al., 1991
and Wardlaw and Willenbrink,
1994) whereas high temperature
acts directly on the developing
grains by reducing the duration
of grain filing and impairing



Omara et al., 2010

photosynthesis and starch accu-
mulation (Fokar et al., 1998 a).
The fact that the correlated re-
sponses in the ¥, families se-
lected for high CMS in 1000
grain weight were manifested
under combined drought + heat
stresses (average 6.45% increase)
but not under drought stress
alone lends further support to the
crucial role of CMS in sustaining
grain filling under high tempera-
ture (Saadalla er al, 1990;
Shanahan ef al., 1990; Foker et
al., 1998 ab; Blum e/ al., 2001
and Omara et al., 20006).

The rather limited correlated
responses to divergent selection
for CMS in grain yield per plant
as opposed to the positive con-
current responses obtained in
1000 grain weight which aver-
aged 6.4% over the five popula-
tions demonstrate further the im-
pact of CMS on grain filling in
wheat. An important feature of
the results of this study was the
significant increase in average
stomatal frequency uniformly
displayed under heat stress (aver-
aged 9.59%} above that observed
under favorable conditions in the
Es bulks and selections. Such
increase in stomatal frequency
under heat stress could be adap-
tive to high temperature via en-
hancing transpiration and conse-
quently reducing canopy tem-
perature.

Selection for higher stomatal
frequency on the adaxial surface
of the flag leaf under heat stress
produced greater responses under
heat stress (19.57% on average)
than undor faverable sunditivos
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{10.66% on average). Evidently,
greater responses are expected to
occur in the environment In
which selection is practiced (Fal-
coner, 1990). However, the re-
sponses to selection for lower
stomatal frequency was smaller
under heat stress (8.75% on aver-
age) than under favorable condi-
tions (13.67%). Apparently, this
might be due to the antagonistic
effect of the environment (heat
stress) which increases stomatal
frequency with that of the selec-
tion which was directed to reduc-
ing it. Similar responses to diver-
gent selection for stomatal fre-
quency were reported by Bhag-
wat and Bhatia (1993). The real-
ized heritability estimates of
stomatal frequency obtained in
the study were smaller under fa-
vorable conditions (0.27 to (.59)
than those under heat stress (0.42
to 0.60). Similarly, low to mod-
erate heritabilities of stomatal
frequency in wheat were reported
by Bhagwat and Bhatia {1993)
and Arminian et af, (2008). The
positive correlated respenses to
selection for higher stomatal fre-
quency in grain yicld per plant
obtained in three of the five
populations under heat stress,
coupled with the positive correla-
tion between stomatal frequency
and grain yield r =053 and r =
.64 p < 0.05 in the two envi-
ronments) indicate a possible role
of higher stomatal frequency in
grain yield enhancement in
wheat. Positive assoclations be-
tween stomatal frequency and
grain yield in wheat were re-
purtod Ly Khan ot ul, (2003)%
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Munir (2006) and Meharun-Nisa
el al, (2009). However, the lack
of correlated responses to selec-
tion for lower stomatal frequency
in grain yield per plant under fa-
vorable or heat stress conditions
could be attributed to a possible
compensation  of  increased
stomatal length since the two
stomatal characters were nega-
tively and strongly correlated
under favoerable (r = -0.85, P <
0.01) as well as under heat stress
(r = -0.82, p < 0.01). Similar
negative  associations between
stomatal frequency and size were
reported in wheat by Singh and
Setwi (1995); Mishra (1997);
Arminian et af, {(2008) and
Maghsoudi  and  Maghsoudi
(2008).

The positive correlated re-
sponses to selection for high
stomatal frequency in 1000 grain
weight which were manifested in
four of the five populations under
heat stress (ranged from 5.02 to
13.69%) indicate that grain fill-
ing might have been enhanced

through greater transpirational
cooling of the canopy due to ¢le-
vated stomatal frequency.

Meanwhile, increased 1000 grain
weight under favorable condi-
tions in the high stomatal fre-
quency selections in three of the
five populations (ranged from
7.12 to 14.21%) could be ex-
plained as due to greater photo-
synthetic capacity by gas diffu-
sion due to low stomatal resis-
tance (Yoshida, 1978).

The greatest and uniformly
positive increments in grain yield
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per plant were displayed by the
high CMS3-high stomatal fre-
quency families which averaged
17.84, 11.85 and 17.83% over the
unselected buiks under favorable,
heat stress and drought + heat
stress, respectively. Since the F,
families selected for high CMS
alone in this study did not pro-
duce any significant concurrent
responses in grain yield per plant
under either favorable or drought
stress conditions  with  limited
responses under drought + heat
stress, the increments in grain
vield per plant in the high CMS-
high stomata families are attrib-
uted to a possible synergistic ef-
fect of elevated stomatal fre-
quency. Evidently, the significant
correlated responses to selection
for high stomatal frequency in
grain yield per plant in this study
under favorable and heat stress
conditions substantiate that con-
clusion.

The high CMS-high stomata
families also displayed consis-
tently positive increments in
1000 grain weight which were
less than those obtained in grain
yield per plant being 8.89, 8.53
and 9.45% on average under fa-
vorable, heat stress and drought +
heat stresses. Evidently, grain
yield enhancement is attributable
therefore to increases in other
yield  components besides
1000grain  weight, possibly in
grain number.

The rather limited and incon-
sistent grain vield responses of
the high CMS-low stomata fami-
lies to the three environments as
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opposed to the uniformly positive
increments in 1000 grain weight
which averaged 5.72, 5.19 and
4.39% in favorable, heat stress
and drought + heat environments,
respectively further demonstrate
that CMS plays greater role in
sustaining grain filling than in
supporting grain yield per plant.
This conclusion confirms that of
Blum et al, (2001) and substanti-
ates the evidence that higher
stomatal frequency plays greater
role in supporting grain yield
than enhancing grain filling. The
rather contrasting and inconsis-
tent responses in grain yield per
plant and 1000 grain weight of
the low CMS-high stomatal fre-
quency to heat and drought +
heal stresses indicatc the vital
role of cellular membrane stabil-
ity when integrated with high
stomatal frequency. Apparently,
the low CMS-low stomata fami-
lies displayed consistently nega-
tive reductions in both grain yield
and 1000 grain weight in the
three environments relative to the
unsclected buiks.

Interestingly, the magnitude
of grain yield increments of the
high CMS-high stomata families
(averaged 17.48, 11.85 and
17.83% in favorable, heat and
drought + heat environments,
respectively) were almost equiva-
lent to the reductions displayed
by the low CMS-low stomata
families (21.8, 18.76 and 18.35%
in the threc envircnments, re-
spectively). Similarly, the incre-
ments in 1000 grain weight of the
high CMS-high stomata families
(8.89, 853 and 0.45%) were al-
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most equivalent to the reductions

displayed by the low CMS-low

stomata families (8.59, 7.13 and

8.83%). Such parallel impacts

demonstrate the integrity of the

role of CMS with stomatal fre-

quency on grain yield and grain

filling in wheat.
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