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Wheat Cultivar Differences in Photosynthetic Response
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Abstract : Although many studies have shown cultivar differences in photosynthetic response to water deficit, the
understanding of detailed mechanisms is not sufficient. We examined the mechanisms of water stress-resistance
in terms of photosynthetic performance under low soil water potential (¥,,,;) with sixteen cultivars of wheat
( Triticum aestivum L.) from different habitats, which had shown different drought resistance on a grain yield basis.
Cultivar differences in photosynthetic maintenance in response to decrease of W,y (water stress resistance) , were
found at all seedling, booting, and grain filling stages. Cultivars with high drought resistance based on grain yield
also showed high water stress resistance in photosynthetic performance. Water stress resistance (Rys) was caused
more by tolerance (Tys, maintenance ability of photosynthesis in response to decrease of leaf water potential, ¥, )
in some cultivars, which maintained relatively high photosynthesis (Py) in spite of decreases in ¥, while it was
caused more by water stress avoidance (Ays, maintenance ability of ¥ in response to decreases in W,;,) in other
cultivars, which showed a relatively high Py by maintaining a relatively high ¥, under the same low ¥g,,.
However, there was a positive correlation between Ry and Tyg or between Rys and Aysg. It is suggested that
avoidance and tolerance usually occur simultaneously in adaptation to low ¥, although water stress resistant
cultivars varied in the water stress resistance mechanism.

Key words : Drought avoidance, Drought resistance, Drought tolerance, Photosynthesis, T7iticum aestivum, Water
stress, Wheat.
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With a few exceptions, technologies have
not been developed to allow many physiologi-
cal mechanisms to be routinely evaluated with
large numbers of plants at one experiment.
Some specific characteristics should be chosen
as indicators, for an example, of drought resist-
ance. Drought resistance usually refers to the
ability of plants to survive in water deficit
conditions in ecological researches!®#!”, and to
maintain economic yield performance under
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drought conditions in agronomical studies
L1L1521) - Photosynthesis is one of the most
fundamental physiological processes associat-
ed with both survival and yield under drought
conditions. Therefore, in the recent study we
used photosynthetic maintenance ability
under low soil water potentials (W,;) as one
of the indicators of drought resistance. For
many crops, photosynthetic capacity shows a
high positive correlation with grain yield only
under drought conditions'®*»1%, For an exam-
ple, Fischer and Turner!? and Wada et al.'¥
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have reported that a positive correlation
between photosynthetic rate and grain yield of
wheat was found under drought conditions
but not under irrigated conditions. Therefore,
photosynthetic rate under water deficit condi-
tions is one of the important indicators of
drought resistance.
A cultivar may use a multiplicity of tolerance
and/or avoidance mechanisms to achieve a
measure of overall drought resistance in given
soil water conditions. Therefore, we analyzed
the mechanisms of photosynthetic mainte-
nance of various wheat cultivars under
artificial water deficit conditions in terms of
tolerance and avoidance following the ideas of
Levitt’s'®. Since “drought” is a meteorological
term, and is commonly defined as a period
without significant rainfall, we substitute
“water stress resistance’” for ““‘drought resist-
ance” as proposed by Ludlow et al'®. It is
well documented that a low ¥, induces a
decrease in leaf water potential (¥ ) together
with a decrease in leaf turgor potential and
leaf water content, resulting in a photosynthet-
ic depression by stomatal closure and inhibi-
tion of enzyme activity 256781219 In such
cases, the plant is considered to be stressed by
water deficit, i.e., water stressed conditions. In
the present study, if a cultivar shows the
ability to maintain a high photosynthetic activ-
ity under low ¥y,;; no matter how much ¥
decreases, the plant was considered to be
water-stress resistant. Water stress resistance,
in a broad sence, is the general term used to
cover a wide range of mechanisms by which
plants withstand water stress conditions!*19),
In order to approach the mechanism of water
siress resistance, we separated water stress
resistance into its two components, tolerance
and avoidance, following the ideas of Levitt’
§'¥ and Ludlow et al'®. A plant with water
stress avoidance can maintain a relative high
¥, under low ¥y, and consequently main-
tains relatively high photosynthesis. The plant
with water stress tolerance is able to maintain
a relatively high photosynthesis under low ¥
induced by low ¥y,;;. Therefore, water-stress
resistance, by definition, is the total ability of
plants to endure water stress conditions, either
caused by avoidance or by the tolerance
mechanism.

In the present study, 16 cultivars originally
from Brazil, China, and Japan were examined.

Drought resistance based on grain yield for
the Brazilian cultivars used here has been
confirmed by other researchers!®. Some of the
Chinese cultivars have been used as drought
resistant varieties in Northwest China. In the
work, we only examined photosynthetic main-
tenance under low W, and the related
mechanisms.

Materials and Methods

Plant materials and soil water treatment

Plant materials used here were 16 cultivars
of common wheat (Triticum aestivum L.) from
different habitats, China, Japan and Brazil,
having different agronomic drought resistance
as shown in Table 1 (Wada et al., 1994;
Wang, 1985, personal communication). One
Wagner pot with 1/5000 a of soil surface area
contained 8 plants each from different
cultivars. Another 8 cultivars were raised in
another pot. Therefore, two pots of plants
were one unit of cultivar treatments. Six g of
compound fertilizer (14-20-14) was applied
per pot. In the next spring, pots were trans-
ferred into a natural light glasshouse, where
the air temperature, and relative humidity
were controlled at 25/20°C (day/night), and
609, respectively. Experiments were carried
out at seedling, booting, and grain filling
stages. Before starting the soil water treatment,
all pots were watered to saturation. Different
Vo was obtained by stopping the water
supply at different times within 6 days. The
pots with water supply first stopped had the
lowest W,;;, while the pots for which water
supply stopped later showed higher W¥g,;.
There was no re-irrigation to any treatment of
soil water content because it was not easy to
distribute the re-irrigated water evenly in the
whole pot. Measurements of photosynthesis
and ¥, were made just after the pot reached
the designed Wy,;;.

Determinations of soil and leaf water

potentials

Since it is inconvenient to determine W, at
the photosynthetic measurement time, the
regression between soil water content and
Yo was determined beforehand in the labo-
ratory using a psychrometer (Wescor RH52).
Soil water content was deternined by weighing
the pot at the time of photosynthetic measure-
ment and then ¥, was calculated from the
regression between soil water content and
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Weon (Wson=289.3934 e~00922686x  r2-—-().92).
¥, was measured by the pressure chamber
method after photosynthetic measurement.
The fully expanded 6th leaf from the base at
seedling stage, or the flag leaf at booting and
grain filling stages was excised, immediately
sealed in a small polyvinyl bag, and then
mounted in the pressure chamber for measure-
ment. The speed of the pressure application
was relatively fast at the beginning and lower-
ed down to 0.01 MPa s~! when the pressure
closed to the W, . The values of ¥, obtained
by the pressure chamber (x) were calibrated
to those obtained by a psychrometer (y)
(Wescor RIH52) in the laboratory (y=0.88x
for all cultivars).

Photosynthetic measurement

Net photosynthetic rate (Py) was deter-
mined with a portable photosynthesis-
transpiration measurement system (Koito
KIP-8510) under a constant photosynthetic
photon flux of 800+ 50 gmol m~2 s~1. The air
temperature in the assimilation chamber was
24+ 1°C, and CO, concentration in air from
the inlet was 380 ppm. The vapor pressure
deficit between the leaf and air in the assimila-
tion chamber was 1.2-£0.14 kPa with fluctua-
tions. All measurements were made using the
fully expanded 6th leaf at seedling stage and
the flag leaf at booting and grain filling stages.

Determination of water stress resistance,

tolerance and avoidance

According to concepts of Levitt’s'™® and
Ludlow et al'®, water stress resistance (Rws),
which was defined as the ability of
photosynthetic maintenance under low Wy,
was expressed by the absolute value of ¥y, at
which Py was depressed to the level of 509, of
the value in non-stressed plants. Water stress
tolerance (Tyws), which was defined as the
ability of photosynthetic maintenance under
low ¥, was expressed by the absolute value
of ¥ at Py decreased by 509, Drought
avoidance (Ayg), which was defined as the
ability of ¥, maintenance under low Wy,
was expressed by the ratio of Ryg to Tys.
Here, Rys/Tws=1 means that ¥, reached
the equilibrium with ¥, but it is impossible
on a theoretical and neither on a practical
basis, and therefore, the ratio is less than 1.
The definitions of the above-mentioned Rys,
Tws, and Ay were based on half inhibition or
percentage inhibition. Therefore, the abilities

of photosynthetic maintenance could be
compared on a relative basis no matter how
large or small the initial maximum Py was.

Results

Cultivar difference in water stress resist-

ance

Table 1 shows the regression coefficient
between Py and ¥, given by Py=a
+bWoy Wi, with the Py value at —0.8
MPa of ¥, for each cultivar at seedling,
booting and grain filling stages. The cultivars
were listed in the order of P,y (Py value at
—0.8 MPa of W,;;). The characteristics of the
regression curve can be shown by the coeffi-
cients, a, b, and c. Some examples at seedling
stage in Table 1 are visually shown by Fig. 1.
P, is dependent on both decreasing rate and
the initial maximum value (Pp,,). For an
example, Sumai 3 showed a larger decreasing
rate of Py with a higher P ,, and a lower P,
than the cultivar 78 (13)-3. The cultivar BH
1146 showed a larger decreasing rate of Py
with a higher P,,,, but a higher P,; than
cultivars Sumai 3 and 78 (13)-3.

Table 2 shows the regression coefficients
between ¥, and Py as well as P, (the Py
value at —1.5 MPa of ¥, ) for each cultivar.
There were also differences among cultivars in
the coefficients and P, ;. The examples in Fig.
2 help understand the regression in different
cultivars. Norin 61 had a higher Py at high ¥
and a lower Py at lower ¥, than 78 (13)-3.
Gammai 11 and 78 (13)-3 showed different
Py at high ¥, but a similar Py at low ¥,.
Moreover, the ranking order of P, was not
the same at P, 4 in Table 1.

In Table 3, Rys, Tws and Ayg were shown
together with P,,,.. Here, the cultivars were
listed in the order or Ryg at seedling stage. It
should be noticed that, at seedling stage, the
Chinese local cultivars (from Hongmang to
Dabaimang) are located in high rank, but
Chinese new cultivars (from Sumai to Keyi
26) are in the last ones. Brazil cultivars (BR 9,
BR 8 BH 1146) are in the middle, and
Japanese cultivars (Norin 61 and Asakaze)
are in relatively low rankings. The order of
Rys changed a little as the growth stage
developed. However, cultivar differences in
Rys, Tws and Ay were apparent in all stages.

By precisely analyzing the mechanism of
water stress resistance by comparing the val-
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Table 1. Regression coefficients in the relationship, given as y=a-+bx+cx?, between photosynthetic rate
potential (x, MPa) at seedling, booting, and grain filling stages, with the photonynthetic rate at —0.8

Cultivar Seedling stage Booting stage

a b c r? Py, a b c r? Pos
71-321(China) * 20.8 15.3 —3.0 092 66 17.6 —-7.1 =79 094 69
Hongmang (China) * 13.6 3.3 —-83 090 5.7 164 —14.3 00 085 49
78(13) -3 (China) 13.0 4.1 —68 088 54 16.1 —49 —76 088 73
Hongmangbai(China) * 13.4 4.3 —-7.1 090 54 13.8 5.5 158 098 8.1
Gammai 11 (China)* 16.7 6.9 -93 090 5.2 184 —12.7 0.0 098 83
BH 1146 (Brazil) + 199 179 00 083 56 214 —19.1 00 096 6.2
Bimai 5(China) * 18.6 16.9 00 085 4.9 19.3 —18.0 0.0 092 49
Debaimang (China) * 17.2 12.5 -39 088 438 14.7 14 —109 096 89
BR 10 (Brazil) - 19.8 109 —23 090 46 202 —34.2 175 094 4.1
BR 9(Brazil) * 16.7 16.8 00 083 33 17.5 5.9 204 096 9.1
BR 8(Brazil) + 16.7 16.8 00 085 33 21.4 0.3 228 098 7.1
Keyi 26 (China) 16.8  55.1 —-73 094 26 188 —35.3 179 096 2.1
Asakaze (Japan) 17.8 27.7 10.7 0.92 2.4 25.0 —394 189 0.96 5.6
Wangmai 17 (China) ~ 17.7 276 106 090 24 20.7 —38.9 234 096 2.6
Norin 61 (Japan) 19.0  30.0 106 088 1.9 223 —25.1 89 09% 74
Sumai 3 (China) ~ 189  31.1 11.8 096 1.6 220 —38.1 164 094 2.1

Original habitat of the cultivar is shown in parenthesis. The scripts, + and — mean agronomically drought

Table 2. Regression coeflicients in the relationship, given as y=a--bx+cx?, between photosynthetic rate
potential (x, MPa) at seedling, booting, and grain filling stages, with the photosynthetic rate at —1.5

Cultivar Seedling stage Booting stage

a b c r? P, a b c r? P.s
71-321 22.3 58 —2.1 0.86 9.0 18.6 —0.5 —4.0 0.94 8.8
Gammai 11 17.3 09 -39 088 7.3 22.8 —10.3 0.0 0.96 7.4
BR 9 21.1 59 —24 0.86 7.3 16.4 56 —5.4 0.90 12.7
78(13)-3 12.6 1.6 —3.5 0.85 7.3 16.6 0.5 —4.0 0.96 8.6
Bimai 5 22.3 10.6 0.0 085 6.4 269 —12.7 0.0 0.92 7.8
Hongmangbai 14.1 09 —3.3 0.88 5.5 69 —21.1 149 0.98 4.9
BH 1146 24.8 13.1 0.0 0.83 5.1 25.8 —11.8 0.0 0.96 8.1
Wangmai 17 19.8 9.8 0.0 0.85 5.1 394 —413 11.8 0.94 3.6
BR 8 19.8 9.9 0.0 0.83 5.1 20.0 6.9 8.5 0.96 9.4
BR 10 20.1 10.0 0.0 0.86 5.1 386 —39.1 105 0.92 3.6
Hongmang 14.5 0.1 —44 0.88 4.5 23.8 —13.8 0.0 0.85 7.1
Debaimang 19.5 56 —3.1 092 4.1 11.1 11.6 —9.4 0.96 7.3
Keyi 26 20.7 13.3 1.5 085 4.1 34.0 36.2 10.1 0.96 2.4
Asakaze 22.7 15.9 2.4 096 4.1 41.8 —32.6 7.1 0.92 8.8
Norin 61 24.0 16.6 2.3 090 4.1 315 —18.8 3.2 0.96 104
Sumai 3 20.9 11.2 0.0 085 4.1 314 253 5.1 0.94 4.9

ues of Ty,q and Ay, for example at seedling
stage, we found that Rys of Hongmangbai is
more contributed by Tyg compared with 78
(13)-3. Tys is higher and Ay is lower in
Hongmangbai than in 78 (13)-3, although
they have almost the same Ryg value. This

suggests that the mechanism of water stress
resistance is different with cultivars. Similar
example can be taken from the data at booting
stage. BR 9 and Hongmangbai were the same
in Ryg, but different in Tyg and Ayg. The
mechanistic analysis was shown in Fig. 3. BR
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(y, pmol m=2s7!) and soil water
MPa of soil water potential (Pyg4).

Grain filling stage

a b c r? Pos

196 —121 —-78 094 49
196 —17.4 00 094 58
171 —6.7 —88 094 6.1
179 —13.6 .0 0.81 7.1
179 —-10 -—150 0.88 7.4
18.0 49 -—-230 09 7.3
174 78 —7.8 088 6.6
15.3 26 —185 086 54
20.1 —32.6 20.1 090 6.9
18.4 3.1 —21.2  0.92 7.4
21.1 14 =217 092 83
18.9 20 —333 090 39
194 —16.6 00 090 6.2
209 —25.3 6.7 092 49
202 —24.5 86 094 6.1
19.8 —18.6 00 090 4.8

resistant, and susceptible, respectively.

(y, pmol m~?s7?) and leaf water
MPa of leaf water potential (P,5).

Grain filling stage
a b c r? Pis

7.5 239 —12.1 088 162
16.3 4.6 34 088 154
333 —23.5 5.3 096 1638
11.6 119 —76 087 128
15.8 3.8 —3.7 090 13.2

9.9 145 —7.9 0.87 138

4.4 249 -—10.1 0683 19.0
285 —13.0 1.2 098 116
127 -—-17.% —8.1 094 19.0

8.3 19.1 84 092 180
15.8 6.5 53 092 14.2

4.6 22.6 —108 085 14.2
18.1 43 —51 088 126
19.0 09 —26 090 143
244 7.7 0.0 090 129
244 179 0.0 094 126

9 and Hongmangbai have a similar
photosynthetic response to ¥, (Fig. 3A).
However, photosynthetic response to ¥, was
differed considerably. Py decreased much
more rapidly in Hongmangbai than in BR 9 as
¥, decreased (Fig. 3B). The reason for differ-
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Fig. 1. Photosynthetic response to changing of
soil water potential in three different cultivars,
BH 1146 (®), 78 (13)-3 (@), and Sumai 3
(&), at the seedling stage.
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Fig. 2. Photosynthetic response to changing of
leaf water potential in three different cultivars,
Norin 61 (®), Gammai 11 (H), and 78 (13)
-3 (&), at the seedling stage.

ent responses to W, and ¥, was attributable
to the different maintenance of ¥, as W,
decreased (Fig. 3C). It was suggested that
water stress resistance was caused more by
tolerance in BR 9, which was able to maintain
a relatively high Py in spite of large decrease in
P,. It was also suggested that water-stress
resistance was caused more by avoidance in
Hongmangbai, which was able to maintain a
relatively high ¥, and as consequence, a
relatively high Py. Although some water stress
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Table 3. Water stress resistance (Ryg, MPa), tolerance (Tyg, MPa) and avoidance (Ays) as well as the
maximum photosynthetic rate (Ppay, gmol m~?s~!) of wheat plants as different growth stages.
Cultivar Seedling stage Booting stage Grain filling stage
RWS TWS A‘WS Pmax 1{WS TWS AWS Pmax RWS TWS AWS Pmax

Drought resistant group
Hongmang  0.76 1.28  0.59 144  0.58 1.14  0.51 16.3  0.58 1.93  0.30 18.8
Hongmangbai  0.70 1.36  0.51 13.8 081 1.37  0.59 156 0.70 1.92  0.36 16.8
Gammai 11 0.67 145 046 156  0.70 1.29 054 194 073 226 0.32 18.1
Dabaimang 0.61 1.21  0.50 16.3  0.83 143  0.58 169 060 208 0.29 18.8
78(13)-3 0.71 1.13  0.63 125  0.68 1.51 044 169  0.68 1.82 037 16.9
71-321 0.64 144 044 194  0.66 144 049 18.8  0.60 1.93  0.31 17.4
Bimai 5 0.54 1.22 0.44 18.8  0.55 1.38 040 18.8  0.67 193 035 17.5
BH 1146 0.53 1.10 048 206 0.58 132 044 206 074 227 0.33 18.1
ER 9 0.47 .13 042 174 0.79 1.79 044 188 0.73 221 0.33 18.8
BR 8 0.43 1.06 041 18.7  0.69 1.50 046 21.8 075 214 035 20.0
Mean 0.61 1.24 049 16.8  0.69 1.42 049 184 0.68 205 0.33 18.1

+SE +0.10 +0.13 +0.06 425 4+0.09 +0.16 +0.06 +1.8 +0.06 +0.15 +0.02 +0.9
Drought susceptible group
BR 10 0.57 1.36  0.42 18.1 030 098 0.31 206 0.46 1.58  0.29 18.7
Asakaze 0.38 1.04 037 17.5 047 136 035 212 060 208 0.29 18.7
Norin 61 0.38 1.04  0.37 181  0.54 145 037 219 048 1.83  0.26  20.7
Sumai 3 0.38 1.08  0.35 17.5  0.36 1.05 034 205 035 093 0.29 20.0
Wangmai 17 0.35 1.06  0.33 188  0.37 .ol 0.37 19.4  0.51 .72 0.30 19.4
Keyi 26 0.34 .11 031 156 032 092 035 18.7 032 0.86 0.28 19.4
Mean 0.40 .12 0.36 176  0.39 1.13 035 204 045 1.50  0.29 19.5

+SE +0.07 +0.11 +0.03 410 40.08 4020 +0.02 4+1.0 4+0.09 4045 +0.01 +0.7

resistant cultivars were different from each
other in Tyg or Ays, significant positive corre-
lations were observed between Ryg and Tyq,
or between Ryg and Ays (Table 4). This
suggests that Ry is, in general, caused by Ty
and Ayg at the same time.

Changes with growth stages in water
stress resistance, tolerance and avoid-
ance

As shown in Table 1, 2 and 3, the order of

photosynthetic response to Wy, and ¥, ie.
the order of Ry, Tyws and Ayg changes slight-
ly as growth stage develops. The most clear
and noticeable point is the order of cultivars
ranked by R,s and P,;. Brazilian cultivars
raised their ranking in the grain filling stage.
Two Japanese cultivars, Asakaze and Norin
61, are also located in the middle ranking in
both booting and grain filling stages, although
they were located near the bottom in the
seedling stage. Chinese new cultivars, Keyi 26,

Sumai 3, and Wangmai 17 were always locat-
ed in the bottom throughout all the growth
stages. The mean values of Ry, Tys and Ay
of all cultivars at three growth stages suggest-
ed that there was little change in Ry, Tyws and
Ays from seedling stage to booting stage.
However, at grain filling stage, Ty became
much larger and consequently Ay was small-
er than at seedling and booting stages. Ry
was comparatively consistent through three
stages.

Correlations between three growth stages
were shown in Table 4 for water stress resis-
tance, tolerance and avoidance. Correlations
were relatively high between Rys and Ay
compared to those between Ryg and Tys. This
suggested that Rys and Ayg were relatively
stable characters through the whole life,
compared with Tyq.
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Fig. 3. Photosynthetic responses to decreases in soil and leaf water potentials and the response of leaf water
potential to changing of soil water potential of a water stress tolerant cultivar, BR 9 (@), and of a water
stress avoidance cultivar, Hongmangbai (O), at the booting stage.

Table 4. Correlations between the variables Correlation of photosynthetic rate
related to drought resistance of wheat under well-watered conditions with
plants. ‘ water stress resistance

y—x r y—x r A negative correlation was found between

TS 0.74 To__Ts 026 the maximum Photos.ynthetlc rate undt?r well-
RS__AS 0.90 T6__TB 0.70 watered conditions w1th.water stress resistance
TS_AS (.39 T5_Ts 003 at a}ll three stages. T.hls suggested th.at the
RE_TF 0 8] AC__AS 0.61 cultivars showing a high _p.hotosynthetlc rate
RE_AE (.87 AC__AB 0.53 L}nder well-watered conditions were suscep-
TP_A® (43 AB__AS 0.68 tlble' to water stress. The water s.tress. resistant
RG__TGC 0.90 RS_PS__ (.53 cultivars were ?l?le to maintain their
RE_AC 071 RE_PE__ 0 49 p‘hf)tosynthetlc activity under water stress con-
TO_AG (.42 RO—PS__ —0 56 ditions a'lthough they showefi the low values of
RC_RS 054 RS__PS, , 0.90 the maximum Photosynthetlc rate under well-
RC_T® (.84 RB_P5, , 0.91 watered conditions.

RE—-T% (.61 R6-—PCy4 0.75 Discussion

R, T, and A mean water stress resistance, tolerance
and avoidance, respectively, and the subscript, WS,
is omitted here. P,, and P;; mean the maximum
photosynthetic rate and the photosynthetic rate
at —0.8 MPa of soil water potential. The super-
scripts S, B, and G mean seedling, booting, and
grain filling stages, respectively. P, 05 >0.48 : Py o, >
0.60.

As shown by Ludlow et al'® we substituted
“water stress resistance, tolerance and avoid-
ance’ for Levitt’s ‘“‘drought resistance, toler-
ance and avoidance” since our investigations
were made with potted plants under
controlled artificial soil water deficit conditions.
Therefore, concepts of water stress adaptation
used here are different from those of Levitt’s.
In Levitt’s concept, for example, drought
avoidance is due to many combinations
between the different kinds of avoidance and
tolerance, including soil water conservation by
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plant size changes or transpiration surface
reduction, increases in water uptake by deep
rooting in adaptation to long-term of soil water
deficit, and early completion of the life cycle
before severe drought season'®. These adapta-
tion changes do not occur in our potted plants
under a short term of artificial soil water
deficit. Our experiment was designed to eluci-
date whether a high photosynthetic mainte-
nance of a cultivar under low ¥, is due to
the ability of maintaining a high ¥, or due to
tolerance ability to a low W, . Actually, no
matter how low the Wy, is, the plant is water
stressed only when ¥, decreases to a sufficient
extent. If the plant does not decrease or
decreases little its ¥, under low ¥, the
plant can be considered as a water stress
avoider. On the other hand, if ¥, decreases
under low ¥, but the plant can maintain a
high Py, it can be considered to possess a
water-stress tolerance mechanism.

In our experiment, we found not only
cultivar differences in photosynthetic mainte-
nance ability under low ¥, but also the
difference in mechanisms accounting for the
photosynthetic maintenance. Some photosyn-
thetically water-stress resistant cultivars used
in the present work survived with a certain
level of seed yield under severe drought condi-
tions in which other cultivars could not sur-
vive. However, Fischer?, and Wada et al.'?®
observed that high vielding capacity under
well-watered conditions was positively related
to susceptibility to water stress. They found no
clear reason for this relationship. In the pres-
ent work, it was also observed that the
cultivars, such as Keyi 26, Sumai 3 and Norin
61 can perform well in grain production and
photosynthetic performance under well-
watered conditions, but showed large
photosynthetic depression under water stress
conditions.

By analyzing the mechanism, we found that
the agronomically water stress resistant (based
on grain yield) cultivars, such as Hongmang-
bai and BR 9, showed almost the same water
stress resistance in photosynthesis. However,
Hongmangbai showed more dependence on
water stress avoidance, whereby higher ¥
was maintained in spite of soil water deficit,
while BR 9 was more dependent on water
stress tolerance, whereby higher photosyn-
thetic activity was maintained in spite of the

decrease in ¥,. Most of the avoidance-
dependent cultivars in the present work
showed a short plant type and small and
narrow leaf blades (data are not provided).
Furthermore, decrease in water stress avoid-
ance at grain filling stage, as observed here,
might be due to the increased shoot/root ratio
and the decreased tissue water storage volume
of the hollow stem. As reviewed by Levitt'®
and reported by others'®, the water stress
avoidance mechanism is mainly associated
with morphological characteristics. On the
other hand, water stress tolerance is mainly
associated with physiological characteristics!®.
Increase in water stress tolerance at grain
filling stage is presumably due to increased
osmotic adjustment!®29. Since most cultivars
can carry their water stress resistance through
their whole lives, by either tolerance and/or
avoidance, water stress resistance defined in
the present study is a consistent characteristic,
and selection of water stress resistant cultivars
at either of the growth stages will be possible.
There might be disadvantages in pot experi-
ments due to less space for root development.
However, pot culture can provide uniform
conditions to plants. In order to place all
cultivars under exactly the same soil water
potential, we grew several cultivars in one pot,
where roots from different plants crossed with
each other. Moreover, during the soil water
depleting period, no re-irrigation was done
and, therefore, ¥y, reached an equivalent
status in the whole soil volume. Therefore, we
found no local difference in ¥, within one
pot soil volume no matter how different the
aboveground plant size was. In addition, pot
culture is a convenient and capable means to
deal with more plants compared to field exper-
iments. Therefore, pot experiment is suitable
for a drought resistant genotype selection, at
least, at the beginning stage of the program.
Of course, further investigations in field scale
are needed to understand the full aspects of
the drought resistance mechanism and con-
firm the results obtained in pot culture.
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