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Our objective was to estimate genetic gain for yields in
genotypes tested in 11 rice ecosystems from 1995 to
2013 in India and compare the growth trend of human
population and national rice grain production in 1974
to 2013. In each ecosystem, the check used remained
the same over years but showed similar and signifi-
cant increases along with top-3 genotypes and experi-
mental mean grain yields derived from sets of
genotypes that varied with the year. Therefore, when
environmental effects were eliminated, there was no
significant genetic gain in yield of genotypes. Annually
human population grew linearly at 16.203 million per-
sons and rice production at 1.943 million tonnes (mt)
during 1974-1994. This growth slowed during 1995-
2013 in population by 16.131 million persons and in
rice production by 1.2753 mt. Breeding for higher
genetic yields should be restricted to the four mega
environments which offer scope, and exploit the un-
folding advancements in rice genomics. The national
average yield of un-milled rice was 3.76 t/ha. Evidence
indicates that the potential yield in rice is 15-16 t/ha
and yields of 10 t/ha is attainable in relatively risk-
free irrigated (~20 m ha) and rainfed shallow lowland
(11 m ha) ecosystems. Closing yield gap (~6 t/ha)
through corrective technological and policy interven-
tions is urgently needed to ensure rice availability to
match with the demands of growing population.

Keywords: Attainable yield, breeding, genetic gain,
potential yield, mega environments, Oryza, population,
production, rice.

IN the dynamic rice-breeding programme, genotypes with
improvement in grain yields or in other traits of economic
value compared to checks are identified through replica-
ted multi-location trials across rice growing environments
and released as varieties for commercial cultivation. Phe-
notypic performance of a plant is a function of both
genetic and environmental factors and their interaction.
The experimental mean grain yield derived from a cohort
of genotypes tested across locations in an ecosystem de-
notes base yield of the breeding stock in that ecosystem.

*For correspondence. (e-mail: muralidharan_km@yahoo.com)
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Universal environment is the potential of all possible en-
vironments in the target rice area for a projected variety.
Therefore, each year, breeding lines are evaluated in na-
tionally coordinated multi-environment tests (METs) by
the All-India Coordinated Rice Improvement Project
(AICRIP). During evaluation, yield, grain quality and re-
sistance to biotic and abiotic stresses are ranked; breeding
lines that show superiority compared to check cultivars'
are then selected. The mean grain yields of the top 3
genotypes, checks and breeding stock (experimental
mean yields) can be considered to represent a hypotheti-
cal floating check of Jensen® that adjusts to yield gains, if
any, annually. Instead of considering the top-most entry
alone, the mean performance of the top 3 ranking geno-
types provides a better measure of changes if any, in the
genetic potential of successively developed new breeding
lines. Muralidharan ef al.® analysed floating checks in the
METs of AICRIP performed for the period 1974-1994.
This study showed a negative trend in genotypes succes-
sively developed for rainfed upland ecosystem, indicating
a significant (P = 0.05) decrease in rice yields of 1.3% or
41 kg/ha/year. Further, they found a positive but non-
significant trend in genotypes successively developed for
rainfed shallow lowland, semideep water and deep water
ecosystems; and a highly significant and positive increase
in yields of 1.2% or 52 kg/ha/year in genotypes bred for
irrigated medium ecosystem. Such yield increase in geno-
types tested in irrigated ecosystem was attributed to
improved crop-husbandry skills and infrastructure deve-
lopment at test locations over the years’. Similar analyses
were made on the grain yield performance of rice geno-
types developed by breeders and tested worldwide from
1976 to 1997 in the International Rice Testing Pro-
gramme (IRTP) or International Network for Genetic
Evaluation of Rice (INGER) experiments by the Interna-
tional Rice Research Institute (IRRI) in different ecosys-
tems®. The three floating checks in these international
trials in rainfed upland and rainfed lowland ecosystems
showed a negative trend, indicating a gradual decrease in
grain yield by 2.4% or 72 kg/ha/year; in irrigated ecosys-
tem, the trend was positive, but non-significant. The
ANOVA and regression with and without environmental
effects’ by deducting check or experimental mean from
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the mean yield of top 3 genotypes were employed to es-
timate differences and gain in yield over time for the eco-
systems and maturity groups. Muralidharan er al.’
concluded that there was no evidence for either a genetic
gain or loss in grain yields of genotypes developed for
any of the ecosystems from 1974 to 1994. The lack of
progress in yield over the years was more or less similar
in the national (AICRIP) and international (IRRI) testing
programmes™*. In 1995, few changes were effected in the
constitution of AICRIP’s tests with recognition of very
early, early, mid-early, medium and late maturing geno-
types suited to varied cropping systems and seasons in
vogue in irrigated ecosystem. The change also included a
separate trial for Basmati type genotypes in the irrigated
ecosystem. The overall objective of the present study was
to estimate genetic gains, if any, in the genotypes devel-
oped through intensive national breeding programme
from 1995 to 2013 using the same methods employed in
earlier studies®™. Further, growth in national human
population and national rice production between 1974
and 2013 were also estimated using annual grain produc-
tion and population data of the Government of India® to
help plan and direct future rice research.

Methods and material

Multi-environments tests in different ecosystems and
data sets on grain yield

During 1995-2013, as many as 9880 breeding lines were
evaluated in AICIRPs tests. Nearly 7053 elite lines un-
dervent at least three years of rigorous testing in multi-
environmental tests (METs)’. AICRIP’s experiments led
to the identification and release of 573 varieties during
1995-2014 for commercial cultivation, either by the
States or by the Centre. Data sets on grain yield assess-
ment of breeding lines and checks in 2535 experiments
executed between 1995 and 2013 were used for this
study. The checks were both nationally released varieties
(VC) and local checks (LC) that were commercial varie-
ties grown widely at each test location. These experi-
ments were performed at 117 locations in 26 states in
India under direct seeded rainfed upland, rainfed shallow
lowland, semideep water, deep water and irrigated eco-
systems. Rainfed direct seeded upland experiments were
made with two sets of genotypes, very early (up to 70 DF
(days to flowering)) and early (71-80 DF) genotypes and
transplanted rainfed shallow lowland; semi-deep and
deep water ecosystems were with medium (>110 DF)
flowering genotypes. Experiments in irrigated ecosystems
were made with five sets of very early (up to 80 DF), ear-
ly (81-90 DF), mid-early (91-100 DF), medium (101—
110 DF) and late (>110 DF) flowering breeding lines.
Further, a set of Basmati breeding lines with medium
(>110 DF) flowering duration were also evaluated in
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exclusive experiments under irrigated ecosystem at 11
locations in the traditional Basmati growing states of
Delhi, Haryana, Jammu and Kashmir, Punjab, Uttara-
khand and Uttar Pradesh in India.

All AICRIP’s experiments were conducted in rando-
mized block designs with three replications. In rainfed
upland experiments, seeds at the rate of 100 kg/ha were
sown directly in lines. Every test breeding stock was line
sown in 10 rows, each of which was 5-10 m in length. A
spacing of 15 cm between rows or lines was adopted in
all these experiments. This direct seeding was also
adopted at a spacing of 20 cm between rows and plants
with the onset of monsoon rains in semi-deep water and
deep water ecosystems. In rainfed shallow lowland and
irrigated ecosystems, 30-day-old seedlings were trans-
planted in experimental plots, at a spacing of 20 cm be-
tween rows and 15 cm between plants. The experimental
plot size varied with locations; but in most cases the min-
imum sub-plot size was 10 m’. Efforts were made at all
locations to ensure crop growth of test breeding stock by
adjusting the time of direct seeding or planting, and ferti-
lizer application to suit maturity period or ecosystem
where a particular experiment was conducted. Fertilizer
rates and insecticide applications were usually decided by
the co-operator. In all treatment plots, one border row on
each side was excluded and grain from the remaining
plants were harvested and expressed as t/ha at 14% mois-
ture>*,

Assessment of genetic gain

The methodologies employed for the yield assessment to
match with rice cropping season and crop management
were approximately uniform. Individual trial data were
scrutinized and analysed by AICRIP at the end of each
year. Data from experiments registering >20% coeffi-
cient of variation (CV) were rejected. From the results
presented by AICRIP for each trial, and for each test year
in different ecosystems during 1995-2013 (ref. 7), the
mean yields of top 3 genotypes were derived across all
test sites. Similarly, check mean yield and experimental
mean yield estimated year-wise were also derived and
saved for later analysis. Occasionally, when a standard
designated check was not used in a trial, the local check
mean was considered. Details on the number of geno-
types, location and experiments involved in this study are
summarized in Table 1. Analysis of variance was com-
puted for each trial duration-wise under different ecosys-
tems®’. Initially, the variances of mean grain yields in the
top 3 genotypes, checks and experimental means were
analysed using F-test. Wherever variance was homogen-
ous, the data sets were pooled trial-wise. Mean compari-
sons were made for equality by #-test on the basis of
analysis of variance. If variance was not homogenous,
weighted means were derived. Ecosystem-wise, Bartlett’s
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test of homogeneity of variances of mean grain yields in
check varieties was applied. For each test year in differ-
ent ecosystems, the three floating checks namely, top 3
genotypes mean grain yield, checks mean grain yield
(both national and local), and experimental mean grain
yield of test genotypes evaluated were calculated across
locations. The linear regressions were performed with
mean grain yields recorded by the three floating checks
over years, to estimate the change in yields due to genetic
and environmental causes. In whichever ecosystem the
mean grain yields showed a statistically significant in-
crease or decrease, genetic gain or loss was tested. For
this in each test year under different ecosystems, the
check mean or experimental mean yield was deducted
from the top 3 genotypes mean grain yield to eliminate
the environmental effect, and regression analyses were
repeated to find genetic gain or loss, if any, for grain
yield. The criteria used to identify the best-fit models
were significance of model parameters (Student’s #-test),
coefficients of determination (R* and R2 that adjusts for
the number of explanatory terms in the model relative to
the number of data points), and the lowest root means
square of standard error (RMSE) while meeting the
assumptions of normality, independence and homogenous
variance in regression analysis.

Assessment of national production gain

Previously published data from 1974 to 2013 were re-
trieved for both annual all-India human population levels
and all-India rice grain production’. The trend in popula-
tion and rice grain production was analysed by consider-
ing two time frames, for 1974-1994, to compare with
published estimates on progress in rice breeding’ and for
1995-2013, to assess progress made later. Global rates of
yield increase in grain production have been decidedly
linear for most crop species, especially for rice'*'.
Therefore, linear regressions were performed with these
data sets on rice grain production and population in India.

Results
Comparison of mean grain yields

During 1995-2013, 9880 breeding lines including checks,
both nationally released varieties (VC) and local checks
(LC) that were commercial varieties grown widely at
each test location, were evaluated in AICIRPs tests under
different ecosystems (Table 1). The mean grain yields
recorded in rainfed upland ecosystem by very early and
early flowering check varieties evaluated in experiments
were compared (Table 2). In general, there was no signi-
ficant difference between the varieties used as checks in
rainfed upland ecosystem. The only exception was in the
very early group where the LC exhibited significant dif-
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ferences in the mean grain yields compared to Heera
(VC). The highest yield recorded was 2.07 t/ha by LC in
very early group and 2.9 t/ha by Tulasi (VC) in early
group. In rainfed lowland ecosystem, highly significant
differences were observed in the mean grain yields of
Salivahana (VC) only compared to LC. The highest yield
recorded was 4.6 t/ha in LC. In semi-deep water ecosys-
tem, significant differences were observed only in the
mean grain yields of Utkalprabha (VC) compared to Pur-
nendu (VC) or other LC. Again, the highest mean grain
yield recorded was 3.0 t/ha in LC. In deep water ecosys-
tem, none showed any significant difference in the mean
grain yields. The LC recorded the highest yield of
2.4 t/ha. In irrigated ecosystem, highly significant differ-
ences were observed in a few comparisons of the mean
grain yields, Anjali or Vandana with Aditya (very early
VC); Annada, Govind or Narendra97 (VC) with LC (ear-
ly); Vikas with Sasyasree and IR64 (VC) or LC (mid-
early); Jaya or Suraksha (VC) with LC (medium); Savitri
(VC) with LC (late) and Tarori Basmati with Pusa Bas-
mati 1 (VC) or LC (in Basmati group). The highest mean
grain yields recorded were 3.9 t/ha in Anjali (very early
VC); 4.6 t/ha in LC (early and mid-early), 4.9 t/ha in LC
(medium and late flowering), and 3.7 t/ha in Tarori Bas-
mati (VC in Basmati group) genotypes. Variances de-
pended on the number of tests or the number of test
entries in an experiment. The Bartlett’s test showed that
variances of the grain yields in the check varieties were
homogenous in all ecosystems.

Performance of genotypes in rainfed upland ecosystem

During 1995-2013, elite breeding lines in very early
(441) and early flowering groups (855) were tested in 440
experiments in rainfed upland (direct seeded) ecosystem
(Table 1) and the best fit linear regression models were
developed using data from these experiments (Figure 1).
The mean grain yields of top 3 genotypes were higher
than checks and experimental mean grain yields in very
early and early groups. However, the experimental mean
grain yields were higher than check mean grain yields in
the very early group but were lower in the early group of
genotypes. The linear regression models on the top 3
genotypes and check mean grain yields showed a positive
but non-significant increase in the very early group, and a
negative non-significant decrease in the early group. The
yields of genotypes tested in rainfed upland ecosystem
over years had produced similar grain yields indicating
neither any genetic gain nor a loss.

Performance of genotypes in rainfed shallow
lowlands, semi-deep water and deep water ecosystems

During 1995-2013, elite breeding lines in rainfed shallow
lowlands (469), semi-deep water (436) and deep water
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Table 1.
2013

Particulars of trials in different rice ecosystems in the all-India co-ordinated rice improvement experiments performed between 1995 and

Entries
tested (no.)

Experiments
performed (no.)

Cross/ Year released  Years tested
Check varieties selection as variety no. (period) Range Total Range Total
Rainfed upland (direct-seeded) ecosystem — very early (up to 70 DF)
Heera CR 404-48/CR 289-1208 1989 19 9-46 441 6-22 207
Vandana C 22/Kalakeri 2002 (1995-2013)
Aditya M 63-83/Cauvery 1989
Rainfed upland (direct-seeded) ecosystem — early (71-80 DF)
Annada MTU 15/Waikoku 1987 19 20-64 855 5-26 233
Tulasi Rasi/Fine Gora 1988 (1995-2013)
Narendra 97 N 22/Ratna 1992
Rainfed shallow lowland ecosystem (>110 DF)
Dhanrasi B 32 Sel. 4/0. rufipogon C4//B127 2002 9 33-67 469 8-25 132
Swarna Vasistha/Mahsuri 1979 (1995-1999 and
Salivahana RP 5-32/Pankaj 1988 2010-2013)
Semideep water ecosystem (>110 DF)
Sabita Pureline sel. from Boyan 1986 19 9-52 436 5-13 156
Purnendu Patnai 23/Jaladhi 2 1994 (1995-2013)
UtkalPrabha Waikoku/CR 1014 1983
Deep water ecosystem (>110 DF)
Jalmagna Sel. from Badhon 1969 11 12-34 237 2-7 42
Dinesh Jaladhi 2/Pankaj 1988 (2003-2013)
Irrigated (very early) ecosystem (up to 80 DF)
Heera CR 404-48/CR 289-1208 1989 14 11-30 245 1-12 71
Anjali RR 19-2/RR 149-1129 2001 (1999-2012)
Vandana C 22/Kalakeri 2002
Irrigated (early) ecosystem (81-90 DF)
Annada MTU 15/Waikoku 1987 15 30-64 725 8-26 247
Govind IR 20/IR 24 1982 (1999-2013)
Narendra 97 N 22/Ratna 1992
Irrigated (mid-early) ecosystem (91-100 DF)
Sasyasree IR 8/TKM 6 1979 19 49-68 1194 17-41 531
Vikas IR 8/TKM 6 1983 (1995-2013)
IR 64 IR 5657-33-2-1/IR 2061-465-1-5-5 1991
Irrigated (medium) ecosystem (101-110 DF)
Jaya TN1/T141 1968 19 44-64 1126 14-38 482
Suraksha Sasyasree/MR 1523 1979 (1995-2013)
Rainfed (late) ecosystem (>110 DF)
Savithri Pankaj/Jagannath 1983 14 49-64 785 4-22 231
Swarna Vasistha/Mahsuri 1979 (2000-2013)
Irrigated (Basmati) ecosystem (up to 110 DF)
Pusa Basmati 1 Pusa 167/Karnal local 1989 19 20-40 540 4-21 203
Taroari Basmati Pure line sel. from HBC 19 1996 (1995-2013)

DF, Days to flowering.

(237) ecosystems were tested in 330 experiments (Table
1). The experimental mean yields were lower than check
mean grain yields of all genotypes tested in rainfed shal-
low lowland, semi-deep water and deep water ecosy-
stems. The mean grain yields of the top 3 genotypes were
relatively higher than both check and experimental mean
grain yields in all these rainfed ecosystems. The yield of
the three floating checks showed non-significant differ-
ences in yields of genotypes in both rainfed shallow and
deep water ecosystems (Figures 1 and 2). Only in semi-
deep water ecosystem, the linear regression models on the
top 3 genotypes, check and experimental mean yields
over years showed highly significant and positive
increases (66 to 91 kg/ha/year). Yet, the genetic gain
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derived by subtracting check or experimental mean grain
yields from top 3 genotype mean grain yields showed
non-significant increase or nearly static rice yields in
genotypes bred for semi-deep water ecosystem. The anal-
ysis showed a lack of any genetic gain in the genotypes
developed during 1995-2013 for rainfed shallow lowland
(Figure 1), semi-deep water and deep water ecosystems
(Figure 2).

Performance of genotypes in irrigated ecosystems

During 1995-2013, elite breeding lines in irrigated very
early (245), early (725), mid-early (1194), medium
(1126), late (785) and Basmati (540) ecosystems were
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Table 2. Comparison of mean grain yields (t/ha) and variance of mean grain yields among the check varieties in the all-India co-ordinated rice

improvement experiments performed between 1995 and 2013

Rainfed direct seeded upland — very early (up to 70 DF*)

Variety Heera
Mean yield 1.784
Variance 0.196
Heera

Aditya 0.052™
Vandana 1.518™
Local 2.072*
CV (%) 24.817

Bartlett’s y? = 0.609™

Aditya
1.773

0.196

1.002™
1.326™
1.673™
24.939

Vandana
2.028
0.156
1.256™
1.253™
0.302™
19.477

Rainfed direct seeded upland — early (71-81 DF*)

Variety Annada
Mean yield 2.571
Variance 0.55
Annada -
Tulasi 0.955™
Narendra 97 0.635™
Local 0.711™
CV (%) 28.847

Bartlett’s y? = 0.364™

Rainfed shallow lowland ecosystem (>110 DF¥*)

Variety Salivahana
Mean yield 4.063
Variance 0.273
Salivahana -

Dhanrasi 1.041™
Swarna 1.026™
Local 1.896*

CV (%) 12.873

Bartlett’s y? = 1.982"

Rainfed semideep water ecosystem (>110 DF*)

Variety Utkalprabha
Mean yield 2.197
Variance 0.058
Utkalprabha -

Sabita 1.679™
Purnendu 1.793%*
Local 2.508*

CV (%) 10.953

Bartlett’s y? = 0.968™

Tulasi
2.908
0.574
1.044™
1.573™
0.466™
26.066

Narendra97
2.415

0.329
1.672™
1.746™
1.401™
23.752

Dhanrasi Swarna

4.364
0.1205
2.273™
0.632™
0.774™
7.951

Sabita
2.706
0.344
5.952™
0.103™
1.596™
21.688

Rainfed deep water ecosystem (>110 DF*)

Variety Jalamagna
Mean yield 2.242
Variance 0.571
Jalamagna -

Dinesh 0.072"
Local 0.596™
CV (%) 43.02

Bartlett’s y? = 0.404™

Irrigated ecosystem — Basmati (up to 110 DF*)

Variety

Mean yield

Variance

Pusa Basmati 1

Tarori Basmati

Local

CV (%)

Bartlett’s y> =2.166"™

Dinesh
2.268
0.952
1.667™
0.447"™
31.135

4.258
0.034
7.951%*
3.498™
1.446™
4.357

Purnendu
2.727
0.321
5.556™
1.072™
1.429™
20.783

Local
2.433
0.574
1.006™
1.658™

34.684

Pusa Basmati 1

3.498
0.303

3.111%*

1.657™
15.726

Irrigated very early (up to 80 DF*)

Vandana
3.488
0.2
3.141™
1.112™
3.186%*
0.313™
12.825

Narendra 97
3.733

0.461
1.105™
3.279™
3.486**
18.194

IR 64
4.524
0.317
2.873%
1.972™
0.301™
12.442

Suraksha Local

4.85
0.2
1.038™
2.710*

9.154

Local
4.896
0.115
3.471%
1.062™

6.928

Local Variety Heera Anjali

2.073 Mean yield  2.466 3.934

0.177 Variance 0.629 0.222

1.106™ Heera - 2.825™

1.104™ Anjali 3.715™

1.135™ Vandana 3.328™ 1.751™

- Aditya 0.103™ 3.830%*

20.302 Local 1.961™ 1.078"™
CV (%) 32.153 11.991
Bartlett’s y* = 0.687™

Local Irrigated early (81-90 DF*)

2.743 Variety Annada Govind

0.564 Mean yield  4.105 4.039

1.025™ Variance 0.417 0.141

1.018™ Annada - 2.964*

1.715™ Govind 0.261™

- Narendra 97 1.214™ 1.057™

27.386 Local 2.464** 3.182%*
CV (%) 15.736 9.29
Bartlett’s y? = 0.783™

Local Irrigated mid-early (91-100 DF*)

4.569 Variety Sasyasree Vikas

0.368 Mean yield  4.29 3.492

1.348"™ Variance 0.11 0.161

3.067™ Sasyasree - 1.457%

10.758** Vikas 3.526**

- IR 64 1.208™ 4.335%*

13.292 Local 1.322™ 4.359%**
CV (%) 7.74 11.482
Bartlett’s 3> = 1.061"

Local Irrigated medium ecosystem (101-110 DF*)

3.046 Variety Jaya

0.431 Mean yield 4.54 4.43

7.462™ Variance 0.19 0.07

1.250™ Jaya - 2.608*

1.340™ Suraksha 0.890™

- Local 2.144* 3.184%*

21.547 CV (%) 9.587 6.083
Bartlett’s y? =1.74"™

Irrigated late ecosystem (>110 DF*)

Local Variety Savitri Swarna

2.433 Mean yield 4.391 4.695

0.574 Variance 0.399 0.122

1.006™ Savitri - 3.268%*

1.658™ Swarna 1.382"™

- Local 2.303%* 1.548™

34.684 CV (%) 14.388 7.445
Bartlett’s y? = 1.846™

Tarori Basmati Local

3.74

0.108

1.116™ 2.814*

- 3.140*

5.328%*

19.864 8.768

Aditya
2.512

0.416

1.509™
1.873™
2.083™
1.890™
25.688

Local
4.633
0.243
1.719™
1.724™
1.899™

10.637

Local
4.583
0.43

3.891%*

2.674%*
1.359™

14.303

Local
3.362
0.127
0.494™
0.174*
0.157%%*
0.327™

10.600

*DF, Days to flowering; Variances of mean grain yields in checks (upper diagonal values represent F-values); Mean grain yields (t/ha) in checks
(lower diagonal values represent #-values) (ns, Non-significant; *P = 0.05; **P = 0.01).
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Figure 1. Performance of the three floating checks — top 3 genotypes, check and experimental mean grain yields across locations

over years in rainfed ecosystems. Line fit represents the predicted mean grain yields (ns = non-significant; *P = 0.05; **P = 0.01).

tested in 1765 experiments (Table 1). The mean grain
yields of the top 3 genotypes were higher than both check
and experimental mean grain yields in all these irrigated
ecosystems. The experimental mean yields were lower
than the check mean grain yields in early, mid-early, me-
dium, and late flowering genotypes; it was higher only in
the very early group (Figures 3 and 4). In Basmati group,
the top 3 genotypes mean grain yields were higher than
both check and experimental mean grain yields (Figure
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5). The experimental mean yields were also higher than
the check mean grain yields. The linear regression models
on the top 3 genotypes, check and experimental mean
yields over time showed significant and positive increases
in irrigated very early (106-132 kg/ha/year), irrigated
early (61-81 kg/ha/year) and irrigated medium (30—
35 kg/ha/year) ecosystems. Similarly, significant and
positive increases were found in the yields of the three
floating checks in Basmati group of genotypes
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Figure 2. Performance of the three floating checks — top 3 genotypes, check and experimental mean grain yields across locations over

years and genetic gain or loss in yield in semi-deep water and deep water ecosystems. Line fit represents the predicted mean grain yields
(ns = non-significant; *P = 0.05; **P = 0.01). G, In each test year, check or experimental mean yield was deducted from the top 3 geno-
types mean grain yield to eliminate the environmental effect, and regression analyses were repeated to find genetic gain or loss in yield.

(47-59 kg/hal/year). However, the genetic gain derived by
subtracting check mean or experimental grain yields from
the top 3 genotypes mean grain yields showed non-
significant increase and nearly static yields in the geno-
types (including Basmati genotypes) bred for these irri-
gated ecosystems.

Performance of national rice grain production in
farms

The national rice grain production in India is estimated as
milled rice that is directly consumed by humans. Compar-
isons were made on the growth in human population and
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rice production during two successive periods. Linear re-
gression modelling, using published data on both human
population and rice production progress in the first phase
of 21 years from 1974 to 1994 coinciding with an earlier
study period on genetic gain through rice breeding by
Muralidharan et al.’, clearly indicated highly significant
linear relationships (Figure 6). Annually the population
grew at 16.203 million persons while rice grain produc-
tion increased by 1.943 million tonnes. Further, the value
of coefficient of determination (R®) explained 99.7%
variation in population growth and 87.5% variation in
rice grain production increase. Similar highly significant
linear relationships were detected in the growth of human
population and national rice grain production during the

CURRENT SCIENCE, VOL. 116, NO. 4, 25 FEBRUARY 2019



RESEARCH ACCOUNT

6 2Y = 8.390%+ 0. 106X, 6 - Y =2.270 + 0.132X* 6 Y = 2.438** + 0.128X**
R? = 0.303"y RMSE = 0.657 R2=0.397*; RMSE = 0.661 R2 = 0.472**, RMSE = 0.551
5 5 - 5 4
= =,
< 4 o= A o ) T4 -
= g &
@ = k)
& 3 c 3 - .:1_)3 y
g g |
= £ Q.
g 2 527 2
= £
g1 S q 14
'_
0 P9+ ¥ 0 +"T""TTTTTT
1234567 8 910111213 1234567 8910111213 12345678 910111213
2.0 1 Top3 genotype -mean - Check mean yield (/ha) 15 7 Top 3 genotype means - Exp_mean yield (t’ha)
Y =1.120** — 0.025X"s; R2 = 0.063"s Y =0.952** — 0.021X"s; R2 = 0.149s
15 . G
4 1.0
1.0 1 \" 5
0.5
0.5 -
0.0 T T T T T T . T . . T ) 0.0 T T T T T T T T . . T :
1 2 3 4 5 6 7 8 9 10 11 12 13 12 3 4 5 6 7 8 9 10 11 12 13
Irrigated very early ecosystem (13 years from 1999 to 2009 and 2011-2012)
7 1 Y =4.327* + 0.081X* 6 Y = 3.722* + 0.061X* 6
2 ; ’ ? Y =3.481** + 0.081X**
6 R2= 0.403**, RMSE = 0.459 R2= 0301*; RMSE = 0.434 R2= 0.513** RMSE = 0é67
E ) M o
=5 1 o s
;m: . £ 4 4 g 4
o4 - c =
g 1 £3 / E
o £ 4 2
g3 % J
5 g2 - g2
2 4 o
s 1 1
Foq
0 . : . . : . ; 0 T T T T T T 1 o T T T T T T 1
1 3 5 7 9 11 13 15 1 3 5 7 9 11 13 15 1 3 5 7 9 11 13 15
&l Top 3 genot Check ield (tha) 20 ;
op 3 genotype -mean - Check mean yield (t/ha) Top 3 genotype means - Exp_mean yield (tha)
= 0.605* + 0.020X"; R2 = 0.066" Y = 0.846** + 0.0001X"s; R2 = 0.00001™
1.5 A G 1.5 A ’ ’ ' '
1.0 - AA- 10 41 /\_\ ) /\
i M ¥ N— T ——— y
05 T N V\// 05 -
0.0 — T T — 0.0 T T T T . . !
1 2 3 4 5 6 7 8 9 1011 12 13 14 15 1 3 5 7 9 11 13 15

Irrigated early ecosystem (15 years from 1999 to 2013)

Figure 3. Performance of the three floating checks — top 3 genotypes, check and experimental mean grain yields across locations over
years and genetic gain or loss in yield in irrigated very early and irrigated early ecosystems. Line fit represents the predicted mean grain
yields (ns = non-significant; *P = 0.05; **P = 0.01). G, In each test year, check or experimental mean yield was deducted from the top 3
genotypes mean grain yield to eliminate the environmental effect, and regression analyses were repeated to find genetic gain or loss in
yield.

second phase of 19 years from 1995 to 2013. Annually plained 99.3% variation in population growth and 63.9%
the population grew at 16.131 million persons while rice  variation in rice grain production increase. In the linear
grain production increased by 1.2753 million tonnes. Fur- models developed on the growth of human population
ther, the value for coefficient of determination (R°) ex- and rice grain production, the R? value also remained
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to eliminate the environmental effect, and regression analyses were repeated to find genetic gain or loss in yield.
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Figure 5. Performance of the three floating checks — top 3 genotypes, check and experimental mean grain yields across locations

over 19 years from 1995 to 2013 and genetic gain or loss in yield in irrigated Basmati ecosystem. Line fit represents the predicted
mean grain yields (ns = non-significant; *P = 0.05; **P =0.01). G, In each test year, check or experimental mean yield was de-
ducted from the top 3 genotypes mean grain yield to eliminate the environmental effect, and regression analyses were repeated to

find genetic gain or loss in yield.

close to R value indicating that all parameters in the
model were significant. A comparison of the two periods
brought forth the decreasing trends in both annual popu-
lation growth (by 72,000 persons) and rice grain produc-
tion growth (by 667,700 tonnes) between 1995 and 2013.

Discussion
Estimating gains in cereal crop yields

Three different methods were used to find yield increases
in cereal crops. The first one is based on the use of histor-
ical data on annual production at the level of country,
state or region'’; it provides a measure of production
increase but does not indicate proportion attributable to
genetic gain, as the farm yield is influenced by several
non-genetic factors like fertilizer, irrigation, protection
against stresses and the intensity of other crop manage-
ment practices adopted'®. The second method is to use the
historical set of data on performance of genotypes in
national or international trials to derive the genetic gain
achieved in yield**'’. The third method to estimate
genetic yield gain is to conduct yield trials with an array
of generated breeding lines and cultivars, checks or stan-
dards using a set of agronomical practices'*'®. These
trials are often restricted to experiments for a few seasons
and years, and ignore the effects of a wide range of envi-
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ronmental conditions and ever-changing crop production
practices used in testing older genotypes. Retrospective
physiology on genetic progress in tropical rice is also
hampered by concerns over the validity of side-by-side
comparisons of historic sets of cultivars'’. Our analysis is
limited to genetic yield gain in rice breeding, and to gains
in rice grain production and population growth in India
using historical data.

Genetic yield gain in cereal crop genotypes through
plant breeding

Historical series of genotypes have been used in several
countries to assess the genetic gains in cereal crops
achieved during a period of time through plant breed-
ing*'*'% 21 Extensive reviews reveal that the estimated
genetic gain varies with crop, country and period; the
trend of genetic gain is extremely low since the introduc-
tion of improved varieties during the early period. Gain
for yield in wheat varied with country and period of
breeding duration. It was computed at 0.51% per year in
the UK from 1900 to 1985 (ref. 18), 0.66% per year
in France from 1962 to 1988 (ref. 22), 0.68% per year in
USA from 1919 to 1987 (ref. 23), and 0.70% per year in
Siberia from 1900 to 2008 (ref. 21). The improvements of
yield potential in Brazilian wheat cultivars through breed-
ing and crop management practices enabled a growth of
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Figure 6. Trend in progress of population (million) and milled rice grain production (million tonne) in India (40 years from 1974
to 2013). Line fit represents the predicted mean grain yields (**P = 0.01).

44.9 kg/ha/year between 1940 and 1992 (ref. 24). The
genetic yield gains in wheat in Chile for the period 1968—
1993 were 18 and 24 kg/ha/year for spring and winter
cultivars respectively”’. However, other studies of spring
wheat have shown that the genetic gain over a longer
period of time (1920-2005) had two phases, one before
1960, with almost no gain, and a second after 1960, dur-
ing which the genetic gain averaged 61 kg/ha/year’. In
the UK, the genetic gain has also been 61 kg/ha/year over
the last 20 years during 1988-2007 (ref. 17). However, a
lower genetic gain (23 kg/ha/year) has been reported for
spring wheat in Mexico under irrigated conditions over
the last 30 years'’. The genetic gain for wheat was
reported to range between 32 and 72 kg/ha/year in three
provinces in China for cultivars released between 1960
and 1990 (ref. 27). The evidence of a non-significant in-
crease during 1970-2000 suggests that a plateau was
reached for wheat yield gains in Spain'®, very similar to
reports from other countries'’. The genetic gain was
39 kg/ha/year for two-row barley in Germany for the
period 1968-2003 (ref. 28), and was 36 kg/ha/year for oat
in Italy for the period 1969-2004 (ref. 29). The genetic
gain of wheat and barley after the 1960s is mainly attri-
buted to modifications of plant habit, especially reduction
in plant height and hence non-lodging at high levels of
nutrient applications and increased harvest index and

grains per unit area™.
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Globally the genetic gain of 0.88% per year in maize
was reported for the period 1962—-1988 (ref. 31). But,
when genetic gain for yield in maize was computed for
each environment in which field experiments were con-
ducted, the range of variation was greater than 400% in-
dicating a very high dependence of estimated genetic
gains on environmental conditions'. This suggests that
only improvement of plant type in the crop contributed to
the progress in genetic yield and other non-genetic fac-
tors, such as appropriate agricultural public policies in-
cluding economic incentives had facilitated adoption of
recommended management practices. Previous studies
also attributed such dissimilarities in yields in experi-
ments to the different yield potential of environments®. It
is not easy to assess the genetic gain, especially when
environmental variations are large that cause proportio-
nately large yield fluctuations between years. The bias
created by the assessment of yield gains in only one envi-
ronment was overcome in AICRIP tests by conducting
experiments under a wide range of environmental condi-
tions representing the many growing conditions encoun-
tered in 43 million ha of rice cultivation’.

Five decades of intensive rice breeding and testing
efforts at AICRIP have enabled the country to generate
1329 varieties between 1966 and 2019 and create an
extensive database on rice yields in experiments. This data-
base provides a valuable means of empirically assessing
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the response of rice to environmental variation, and also
the genetic gains over years in different ecosystems.
Muralidharan ef al.® in an earlier study used yield data on
genotypes bred from 1974 to 1994 (the first phase) and
estimated yield gains of 1.2% per year or 52 kg/ha/year in
medium maturing genotypes bred for irrigated ecosystem
but attributed this gain to improvement in crop manage-
ment skills. The trend was negative in upland ecosystem
and static or non-significant in genotypes developed for
other ecosystems. In a comparative study of the data from
global experiments organized by IRRI, Muralidharan et
al.* further confirmed the lack of any genetic gain in the
rice genotypes developed anywhere in the world between
1976 and 1997. Estimations on genetic gain in cereals
derived quantitatively as kg/ha/year (from 23 to 72) has
more meaningful use than those made as proportion (from
0.3% to 1.2%). These assessments made globally demon-
strate the abysmally low genetic gain for yield in cereals.

Division of target rice environment impedes
genetic gain

Our analyses on the performance of genotypes tested in
AICRIP during 1995-2013 (the second phase), showed
positive, significant increases in top 3 genotypes, check
and experimental mean grain yields in semi-deep water,
irrigated very early, irrigated early, irrigated medium and
irrigated Basmati ecosystems. The quantum of increase in
the mean grain yield of top 3 genotypes was marginally
higher, similar or less than the check or experimental
mean grain yields. While the top 3 genotypes and expe-
rimental mean grain yields are derived from sets of many
genotypes that vary each year, the means for check is
from more or less the same genotype used over years in
the respective ecosystem. As the genetic gain derived by
subtracting check mean or experimental mean grain
yields from top 3 genotypes mean grain yields showed
non-significant and nearly static yields in the genotypes
(including Basmati genotypes) bred for different ecosys-
tems, it is evident that the only gain made was in crop
management skills in these ecosystems with adequate
water available for crop growth. A scrutiny made on flo-
wering duration of the genotypes’ tested in rainfed upland
very early ecosystem (up to 70 DF) showed that most of
the tested genotypes flowered beyond 71 days indicating
the classification to be invalid. Similarly genotypes tested
in irrigated very early (up to 80 DF) also showed flower-
ing beyond 81 days. Many such anomalies were also
found in other ecosystems. Due to lack of genotypes
exclusively bred for an ecosystem, arbitrary nominations
for testing are apparently made using opportunity rather
than suitability. Ambiguity also exists in using the terms
very early and early duration with varied flowering dura-
tions for rainfed upland (up to 70 and 71-80 DF respec-
tively) and irrigated ecosystems (up to 80 and 8§1-90 DF
respectively).
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Earlier studies had shown the futility of creating many
ecosystems for rice improvement™*. Prasad et al.** ana-
lysed the stability and yield of genotypes tested in 1341
national experiments during 1970-1994 (ref. 7) and 1305
international® experiments during 1970-1994. Mean
yield, coefficient of variation and other stability indices
using regression analyses identified several cultivars, de-
veloped at different centres around the globe as stable for
yield. These genotypes, with varying genetic makeup that
crossed geographic boundaries and spread over ecosys-
tems based on their sensitivity or insensitivity to photope-
riod and maturity duration, were identified as universal
genotypes for a specific mega-environment. Prasad et
al* therefore regrouped rice habitats or ecosystems into
only four mega-environments: (1) rainfed unfavourable
uplands requiring very early varieties (<90 DM) with
photo-insensitivity; (2) rainfed favourable uplands and
irrigated areas requiring early varieties (90-110 DM)
with photo-insensitivity; (3) irrigated areas requiring me-
dium varieties (120-135 DM) with photo-insensitivity;
and (4) rainfed lowlands requiring late varieties
(>140 DM) with photosensitivity or insensitivity. While
agreeing with this classification and regrouping many
rice ecosystems into four mega-environments, the need
for a careful reconsideration on the highly variable rainfed
ecosystem was emphasized (G. S. Khush, 2001, IRRI,
Philippines, pers. commun.). Yet, AICRIP’s breeding for
rice improvement was aimed at 11 ecosystems during
1995-2013 (Table 1). In the experiments to compare
grain yield performance of these genotypes, 24 varieties
were used as checks that included 9 varieties used in the
earlier period between 1974 and 1994. Five varieties —
NDR97, Swarna, Heera, Vandana and Annada were used
as checks for more than one ecosystem which further
proves the unwarranted sub-division of ecosystems. Only
three checks — Dhanrasi, Vandana and Anjali were re-
leased after 1995 besides Tarori Basmati, a pure-line
Basmati selection known earlier but released only in
1996. None of the checks in any of the AICRIP’s experi-
ments during 1974-2013 (Table 2) could exceed the
overall mean grain yield of Jaya (4.54 t/ha), a high yield-
ing variety released in 1968 (Figure 7). When compared
with their record during 1974-1994, seven old check
varieties in fact had improved grain yield performance
during 1995-2013. Only the improvement in the cultural
and managerial skills is clearly evident in the increased
grain yields in checks that were very old and without any
periodic change. Evidence on non-availability of checks
with higher yields also confirmed the irrational sub-
division of ecosystems. There is also a possibility that
genetic progress in grain yield was not detected in rice
breeding as it was partly countered by climate change,
mainly heat stress during grain filling as reported for
wheat in Europe'? and by changes in the intensity of bio-
tic and abiotic stresses®*. But for the gain in grain yields,
genetic progress has been remarkable in breeding lines
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Figure 7. Comparison of mean grain yields (t/ha) of check varieties (40 years from 1974 to 2013).

generated and tested in AICRIP in terms of enhanced
tolerance to abiotic and biotic stresses, per day productivi-
ty, wide range of maturity duration and grain quality®*2.
Other countries have also benefited from AICRIP’s tests
by the release and commercial exploitation of India-bred
rice varieties™.

National production gains in countries

Crop yields increased remarkably worldwide in the
second-half of the last century due to development and
extensive adoption of improved crop varieties and rec-
ommended crop management with emphasis on balanced
and need-based fertilizer use, water management and
timely protection from pests through chemical pesticides.
In India, access to improved varieties, adoption of loca-
tion specific management practices, steady investments
and pro-agriculture policies strengthened irrigation facili-
ties, mechanization, and agricultural research infrastruc-
ture which together contributed to the progressive growth
of crop production. Apart from the favourable policies,
subsidy on cost of seed, fertilizer, and farm machinery,
minimum support price for major crops and access to
credit facilities proved as valuable incentives to steadily
step-up production and productivity in nearly all major
cereal crops. A linear increase was found by Hafner'® in
rice (55 kg/ha/year), maize (62 kg/ha/year) and wheat
(43 kg/ha/year) yields for 188 nations during 1961-2000.
The world crop yields between 1988 and 2007 were esti-
mated to have linearly increased at 25 kg/ha/year in
wheat, 38 kg/ha/year in rice and 80 kg/ha/year in maize®.
The breeding emphasis has shifted from yield enhance-
ment to defend grain production from biotic and abiotic
stresses and improve grain quality. This shift has also
diverted resources, principally in wheat and rice'’, which
may account for a significant part of the differences in
the rate of global yield increase between maize and the
two self-pollinated cereals (rice and wheat). In 2007,
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Tang et al.’” reported that from 29.2 million ha planted to
rice with 95% area under irrigated ecosystem, China
pushed the production to 187 million tonnes of paddy and
attained a productivity level of 6.4 t/ha. Fan et al.*® con-
cluded that such a rice production growth was possible
because of the steadily increased yield per unit area rather
than by expansion of area under rice. Varieties with ma-
turity period not less than 125-130 days, and hybrids and
super rice varieties which take >150 days to mature were
widely grown with high fertilizer use. In a field supple-
mented with organic fertilizer (2250 kg/ha), 270 kg N/ha
(108 : 54 : 54 : 54 before transplanting, mid tillering, pa-
nicle initiation and spikelet differentiation), plant density
(12.8 x 25 cm), drainage at mid-tillering, and alternate
wetting and moderate soil drying irrigation, only Yan-
gyou 2640 (indica/japonica hybrid) produced the highest
levels of panicles (184/m?), spikelets (337/panicle), filled
grains (81%), grain weight (25.4 mg/100 grains) and
grain yield (12.7 t/ha)*’. FAO* reported use of ~200 kg
N/ha to harvest 6.26 t/ha in China, 70 kg N/ha to obtain
6.42 t/ha in Japan, and 110 kg N/ha to produce 6.26 t/ha
in South Korea. The world’s highest national average
Jjaponica rice yield in 2005 was 9.5 t/ha from Egypt*'. In
Australia, japonica rice yields in farms (average size 400
ha) ranged from 8 to 12 t/ha (ref. 42).

Rice production in India® has also shown a continued
increase (Figures 6 and 8) from 1968 when the country’s
first high yielding variety Jaya was released. The rice
area increased from 37 million hectares (m ha) in 1968 by
3 m ha till 1975 and the production of milled rice increased
by 9 mt. During 1975-1995, rice area further increased
by an additional 3 m ha but the production increased by
28 mt. Between 1995 and 2013, despite area remaining at
~43 m ha, milled rice production rose by 29 mt. Un-
milled rice productivity had increased in steps, from
1.64 t/ha in 1968, to 1.86 t/ha in 1975, to 2.73 t/ha in
1995, and to 3.76 t/ha in 2013. Although genetic gain for
grain yield was practically absent, AICRIP’s impressive
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progress in rice improvement was in insulating varieties
to protect national production from biotic and abiotic
stresses, delayed onset, excess or deficit in monsoon
rains. The stable increase achieved in national rice pro-
duction in the absence of a genetic gain in yield could be
attributed to the continued improvement and wide adop-
tion of crop production skills at farm level. The relative
rate of increases in world crop production were predicted
to decline in 2007 by 0.9% per year for wheat and rice,
and by 1.6% per year for maize®®. Our results also show a
decline in the rate of growth in national rice grain pro-
duction during 1995-2013 in India.

Attainable and potential yields

Concepts proposed by van Ittersum and Rabbinge® on
farm yield (FY), attainable yield (AY) and potential yield
(PY) are used in yield studies. Theoretical estimate on
potential grain yield of rice was predicted at 20.9 t/ha
(ref. 44). When yield potential was estimated using 13—15
years data on US rice production systems, it ranged from
11.5 to 14.5 t/ha, while actual yields varied from 7.4 to
9.6 t/ha*’. Attainable yield has come to mean the yield
that a skillful farmer should reach when taking prudent
account of economics and risk; it has complications
because farmers vary, as do farm gate economics. The
difference between FY and AY has been defined as the
exploitable yield gap. Potential yield was estimated at
15.2 t/ha for maize, 9.0 t/ha for rice and 5.5 t/ha for
wheat using data from the global yield gap and water
productivity atlas*®. The attainable yields differ in rice
ecosystems, environmental conditions and genotype cul-
tivated. Muralidharan e al.’> demonstrated a maximum
attainable yield of 10 t/ha in indica varieties by analysing
the data generated by AICRIP. In the globally organized
similar experiments, the maximum yield attained was only
10.8 t/ha (refs 4, 32). Peng et al."* had concluded a
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Figure 8. Comparison of rice area (million hectares) and milled rice
grain production (million tonnes milled rice) in India during 1968,

1975, 1995 and 2013.
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limit of 9 t/ha in the wet season and 10 t/ha in the dry
season in the Philippines. In very well managed irrigated
trials at IRRI in the absence of significant diseases, insect
pests, and weeds this limit to attainable yields was con-
firmed*’. Analysis of data on rice or maize (max. of 7.83
or 8.12 t/ha), mungbean (0.68 t/ha) and wheat (5.91 t/ha)
cropping system from western Indo-Gangetic Plains had
revealed the total production of the system at 16.43 t/ha
(ref. 48). Various commercialized hybrids were derived
by crossing different varieties within or between two
subspecies, Oryza sativa ssp. indica and ssp. japonica®.
The pioneer super inter subspecies hybrid Xieyou 9308
developed by 3-line and hybrid Liangyoupeijiu (LYP9)
by 2-line breeding using temperature sensitive genic male
sterile source (Peiai 64S) realized 10.5 t/ha in 2000 (ref.
50). In Japan, the japonica cultivar Takanari released in
1990 was widely assessed in central and southern Honshu,
and it gave an average yield of 10.5 t/ha, 36% more than
Nipponbare, a landmark cultivar released in 1963 (ref.
51). Yang et al.*’ compared the best of the inbreds and
new plant types 2 (NPT2) with IRRI hybrids and the
yields recorded ranged only from 8.29 to 9.55 t/ha. In
Taoyuan Township, Yunnan Province, PR China, at
~200 N/ha applications IR 72 reportedly produced grain
yields of 12.7 t/ha with a grain filling of 78% and a bio-
mass of 24 t/ha when the NPT2 line produced lesser yield
due to low biomass and poor grain filling'*. Peng et al.”
showed that the second generation NPT2 lines have also
not increased the yield potential. The super rice Lian-
gyoupeijiu gave a maximum grain yield of 12.11 t/ha (ref.
53). Liangyoupeijiu was grown at 38 testing sites (each of
6.7 ha). Its grain yield in 150 +24 days averaged
10.5 t/ha although a maximum grain yield as high as
15.3 ttha was reported in Binchuan County, Yunnan
Province, in 1999 (ref. 54). Evidently to harvest grain
yields beyond 10 t/ha in hybrid super rices even in a
limited area, adoption of intensive crop management and
application of high levels of fertilizers and other inputs
will be required. Therefore, it is apparent that the poten-
tial yield is limited to 15-16 t/ha and attainable yield to
10-11 t/ha with choice cultivars in the best rice growing
stress-free environment under intensive management. The
combination of high intensity of solar radiation
(23 MJ/m*) and low temperature (~16°C), and extended
grain filling phase (for ~40 days) had contributed to New
Zealand’s world yield record of 15.6 t/ha using a winter
wheat cultivar in the 2010 crop season’’. Pioneer hybrids
in maize yielded 12 t/ha in Iowa, USA®. Fischer and
Edmeads'” concluded that when grown early at high den-
sities under irrigation in a very favourable Chilean envi-
ronment, Pioneer maize hybrids produced 20 t/ha.

Possibilities for increased national production

Trends in maize, rice and wheat yields worldwide in four
decades showed linear and slowing growth'®. A clear
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linear trend of slowing growth was also detected in our
analysis of the national rice production in India between
1995 and 2013. The slowing of production growth is not
due to limits of productivity and environmental stresses
but due to changes in the availability and access to
labour, inputs, subsidies and other social and economic
factors. A comparison of the national unmilled rice pro-
ductivity of 3.76 t/ha in 2013 (ref. 6) with the recorded
attainable yields of 10 t/ha in India®***, reveals an ex-
ploitable yield gap of nearly 6 t/ha. Even the mean grain
yields of check varieties obtained in the experimental
fields across the country were higher than the national
productivity of 3.76 t/ha by 1.0 to 1.5 t/ha in irrigated
(early, mid-early, medium and late including Basmati)
ecosystems (Table 2); it was higher by 0.8 t/ha in rainfed
shallow lowland ecosystem. A governmental policy deci-
sion and targeted initiative to push yields by a mere
0.5 t/ha, that too limited to about 31 million ha (20 m ha
in irrigated and 11 m ha under favourable rainfed lowland
ecosystems), can lead India to harvest additionally more
than 15 million tonnes of rice. Increased yields at attaina-
ble levels in rice will, however, come inevitably at a cost
and higher input use. The yield variability is heavily de-
termined by the level of fertilizer use, irrigation, climate
and especially seasonal rainfall. Changes to management
practices that are needed to close yield gaps vary consi-
derably with region and cropping intensity. Huge increases
in water consumption, increased nitrogen fertilizer use
with associated environmental impacts, and requirements
for non-renewable mineral resources such as potassium
and phosphorus are to be expected. Shortages in rice
supply will be unavoidable, if annual national rice grain
production growth does not return to previous rates or at
least at rates to keep production ahead of population
growth. Increase in cereal production in recent decades
has been achieved mostly from irrigated lands, through
the diffusion of improved crop varieties and adoption of
region, location or site-specific crop management. The
rising costs of irrigation and the problems of manage-
ment, cost recovery, and the maintenance of existing sys-
tems limit any further expansion of irrigation. New
growth sectors, such as industry and tourism, as well as
increasing population and urbanization all compete for
water resources. Silting of reservoirs and canals, lowering
of underground water levels, and salinization of irrigated
soils are the new constraints to crop production. Consi-
derable investments are vital to remove silt deposits, raise
ground-water table, and improve fertilizer and water use
efficiency to increase the national production levels to
meet the future demands for rice.

World over, including in India, intensive research has
decisively added numerous traits in rice to enhance input
use efficiency, withstand stress conditions but failed to
raise potential yield. Difficulties in using genetic variabil-
ity and limitations to conventional breeding-selection
approaches foil attempts to breach the potential yield of

558

10 t/ha. Encouraged by the highest yields achieved in the
major cereal crops, to raise the potential yield in rice,
innovative approaches are currently being pursued to
transfer yield genes still remaining hidden in wild rela-
tives, engineer more productive plant architecture, con-
vert C3 rice into C4 plant, manipulate starch biosynthesis
and make plants fix nitrogen in symbiotic association
with diazotrophs using the new opportunities offered by
developments in genomics”’.

Rapid advances in plant molecular biology leading to
sequencing of genome can help mine and use very large
number of hitherto unknown gene sources through func-
tional and applied genomics to overcome the genetic con-
straints to raising yield threshold. Many consider that the
future of crop improvement will depend primarily on how
the genomic knowledge is used to locate additional or
new variability and move the genes of interest across the
barriers of sexual incompatibility. Advances in molecular
genetics will greatly help to introgress new traits from
distant sources. It may take as long a time as convention-
al breeding to breed a variety of choice by genetic engi-
neering and overcome the hurdles in deregulating for
commercial planting. Political decisions and concerns of
farmers and environmentalists may extend the minimal
15-year time lag between gene discovery and seed distri-
bution to farmers.

Despite the power of genomic resources in crop breed-
ing research, the fact remains that the abundant nature-
provided variability has not been exhausted for the
desired yield improvement. To date, genetic improvements
in rice have been through use of empirically obtained
phenotypic data, pedigree information and selection. Pre-
diction methods based on data routinely collected by
plant breeding programmes are far from exhausted. There
remains one constant that will not change, namely, that
breeding progress depends on selection accuracy to detect
rare genotypes that show new or improved attributes as a
result of superior combinations of alleles at multiple loci
in the context of a target set of environments™. This im-
plies that precise phenotyping will remain as the founda-
tion of future crop improvement. Recent advances in
genomic breeding would greatly help conventional breed-
ing in this regard. What is important is a precisely
directed breeding to make targeted progress. In this con-
text, it will be more appropriate to restrict breeding and
testing efforts of AICRIP to the four mega environments
of rice’ and focus on raising the potential yield.

Globally, there have been shifts in funding at public in-
stitutions to enhance intellectual capacity and infrastruc-
ture for genomics research often at the expense of
conventional plant breeding™. This shift in funding was
temporarily needed to establish the foundations for 21st
century plant biology. It is a good sign that there is a
growing interest to make use of innovative genomic tools
and knowledge in combination with conventional breed-
ing-selection® to move forward in rice improvement
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research. To remain food secure considering the chal-
lenge of meeting with future demand projections, priority
should be to address the yield gap by exploiting currently
available high yielding varieties and continue efforts to
vertically raise the genetic yield by integrating conven-
tional and molecular breeding strategies.

Conclusions

We have demonstrated that intensive rice breeding re-
search since the introduction of plant type based high
yielding varieties has definitely not increased grain yield
substantially by genetic gain. Nevertheless AICRIP’s
progress in conventional breeding has added numerous
traits of value in rice especially to withstand abiotic and
biotic stress conditions and thereby enhanced stability in
performance. The effort has insulated national production
from delayed onset, excess or deficit in monsoon rains or
other climate aberrations and aided in increased produc-
tion during risk-prone kharif season. Increases in national
rice production have confirmed the continued improve-
ment in crop production skills at the farm level along
with effective use of irrigation, water-use-efficient varie-
ties and other factors. The focus of rice breeding in future
must be restricted to four mega environments namely,
rainfed unfavourable uplands (requiring varieties with
<90 DM), rainfed favourable uplands and irrigated areas
(90-110 DM), irrigated areas (120-135 DM) and rainfed
lowlands (photosensitive or insensitive >140 DM). Use of
innovative genomic tools and knowledge in combination
with conventional breeding-selection may be an efficient
strategy to direct rice improvement and for the desired
genetic grain yield enhancement. To remain food secure
considering the challenge of meeting with future demand
projections, priority should be to address the yield gap in
available high yielding varieties and vertically raise the
genetic yield by integrating genomic technologies in con-
ventional breeding strategies.
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