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A B S T R A C T

Grain yield progress over 50 years of spring wheat breeding at the International Maize and Wheat Improvement
Center (CIMMYT) was determined in field trials conducted during five crop seasons (2013–2017) at Norman E.
Borlaug research station near Ciudad Obregon, Mexico. The trials included 30 varieties (24 bread wheat and 6
durum wheat) released between 1965–2014 and were sown under managed optimum, drought, and heat stress
conditions. The optimum irrigated environment had 3management systems, flat sowing with weekly drip irri-
gation (FDI), bed sowing with flood irrigation (BFI), and flat sowing with flood irrigation (FFI). The drought
environment had 2 management systems, flat sowing with reduced irrigation (FRI) and flat sowing under severe
drought stress (FSD). The heat stress environment was sown in beds (HFI) three months later than the normally
sown irrigated and drought environments. The rate of grain yield progress was estimated relative to Sonalika
released in 1965 and Mexicali C75 released in 1975 for bread and durum wheat, respectively. Grain yield
progress per year for bread wheat was, 31.2 kg ha−1, 35.3 kg ha−1, and 24.7 kg ha−1 in irrigated environments
FDI, BFI, and FFI, respectively. In the stress environments, bread wheat grain yield progress was estimated as
25.6 kg ha−1, 17.7 kg ha−1, and 18.1 kg ha−1 per year in FRI, FSD, and HFI, respectively. For durum wheat, the
grain yield progress was estimated as 29.6 kg ha−1, 48.1 kg ha−1, 18.8 kg ha−1, and 29.8 kg ha−1, per year in
FDI, BFI, FFI, and HFI, respectively. Trait linkage graph analysis using LASSO regularized graphical model
estimated that biomass, harvest index, and grains per meter square (GNM) were linked to grain yield progress in
all environments. Thousand kernel weight was associated with grain yield progress under optimum and heat
stress conditions, whereas grain weight per tiller (GWT) associated with progress under drought. Results also
show that the highest yielding varieties in each environment however, had different trait attributes, with some
varieties having higher GNM and tillers per meter square compensating for low GWT, while others had high
GWT to compensate for reduced GNM. In conclusion, CIMMYT’s wheat breeding program has continued to show
progress in grain yield in different environments/management systems, and while certain traits have con-
sistently improved over the years, the varieties developed have employed different trait strategies to achieve
final grain yield.

1. Introduction

Development of wheat germplasm has continued as a core activity
of the spring wheat breeding program since the establishment of the
International Maize and Wheat Improvement Center (CIMMYT) in 1966
following the “Green Revolution”. CIMMYT germplasm is recognized
for its multiple disease resistance, high yield potential and stability.
Lantican et al. (2016) estimated that nearly 70 % of the spring wheat
growing regions in developing countries either grow CIMMYT

germplasm as a direct release or have used CIMMYT germplasm as a
parent in their varieties, thereby contributing to substantial economic
benefits. As we continue to strive to meet current and future demands in
wheat production, it is also important to assess the impact of breeding
programs on improving grain yield (GY) in new varieties. Breeding
programs are continously evolving to meet production challenges, and
such assessments make it possible to evaluate the breeding approaches
and understand the traits contributing to the increase in GY.

Previous studies at CIMMYT have utilized two strategies to estimate
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genetic progress in GY, one being the use of the GY data from inter-
nationally distributed trials (Crespo-Herrera et al., 2018, 2017; Manès
et al., 2012; Ortiz et al., 2007; Sharma et al., 2012). In the most recent
studies by Crespo-Herrera et al. (2018, 2017) annual progress for GY in
internationally distributed germplasm was estimated to be 48.1 kg
ha−1 year−1 or 1.6 % in the semi-arid wheat yield trials across sub-
optimal wheat growing areas when compared to the mean grain yield of
four drought tolerant checks from 2003–14, and 28.7 kg ha−1 year−1

or 0.5 % and 90.1 kg ha−1 year−1 or 1.6 % in the irrigated spring
wheat yield trials when compared to the long term CIMMYT checks and
locally adapted varieties from 2007 to 2015, respectively. The other
strategy involves evaluating key CIMMYT germplasm (varieties or ad-
vanced lines) across years at CIMMYT experiment station located near
Ciudad Obregon, Sonora, Mexico or at key global locations over mul-
tiple years (Aisawi et al., 2015; Honsdorf et al., 2018; Lopes et al., 2012;
Sayre et al., 1997). Following this strategy, the progress in GY was
estimated by Honsdorf et al. (2018) to be ∼35.9 kg ha−1 or 0.6 % per
annum for the 1964–2006 period across tillage systems, whereas Aisawi
et al. (2015) reported 30.0 kg ha−1 or 0.6 % per annum between
1966–2009 and Lopes et al. (2012) reported 64.0 kg ha−1 or 0.9 %,
30.0 kg ha−1 or 0.7 % and 10.0 kg ha−1 or 0.5 % per annum between
1997–2008 in high, intermediate and low yielding environments, re-
spectively when compared to the grain yield of the oldest variety in-
cluded in the trial. The rate of progress in GY estimated by the first
method is usually higher than in the controlled experiments of the
second method. The primary reasons could be 1) lack of uniform
management across years or locations 2) differences in performance of
local checks at each site, and 3) data quality (eg, lack of data on control
of diseases, lodging) in the first method.

In this study, we look into CIMMYT bread and durum wheat vari-
eties that were bred in Mexico or by National partners, some of them
became global adapters or mega-varieties, that is varieties which were
released and grown across multiple countries, and changed wheat
production scenarios from 1965 till 2014. The objectives of our study
were to: 1) estimate the progress in GY from 1965 to 2014 in a high
production, disease-free environment, 2) evaluate the performance and
estimate genetic gains in GY of these varieties in the differentially
managed environments of irrigated, drought and heat, and 3) estimate
the trait associations that may have contributed uniquely or in combi-
nation to increasing GY. The baseline in consideration for this study is
Sonalika for bread wheat, which was one the first green revolution
varieties, released in 1965 and grown across many countries and well
known for its grain yield, bold grains and flat bread quality. For durum
wheat, the baseline was Mexicali C75 released in 1975.

2. Materials and methods

2.1. Plant material

A trial comprising 30 wheat varieties sown in an alpha lattice design
with three replicates was grown for five crop seasons from 2012–13 till
2016–17 at the Centro Experimental Norman Ernest Borlaug (CENEB)
research station located near Ciudad Obregon. Of the 30 varieties, 24
were bread wheat and 6 were durum wheat varieties representing 50
years of spring wheat germplasm (1965–2014) development at
CIMMYT (Table 1).

2.2. Trial conditions

The trials were sown in 3 distinct environments, irrigated (IRR),
drought (DRT) and high temperature stress (HFI). In the IRR environ-
ments, there were 3management conditions with ∼500mm of irriga-
tion in each, a high yield potential environment sown on the flat with
drip irrigation (FDI), flat sowing with flood irrigation(FFI) and bed
sowing with flood irrigation (BFI). BFI was not sown in 2012–13. Metal
wire mesh was used to support the plots in the FDI environment to

prevent lodging. The DRT environment had 2 management systems
irrigated through drip systems, flat sowing with reduced irrigation of
250mm (FRI) and flat sowing with severe drought that resulted from
applying 180mm of irrigation (FSD). The trial in the HFI environment
was sown in beds with flood irrigation of 500mm approximately.
Except for FDI, other management systems are similar to that used by
the breeding program to evaluate GY potential of breeding materials
prior to their international distribution. Each year, Azimut 350 SC/
Folicur SC and Admire were applied at recommended rates twice during
the growing season to protect against rust diseases and aphids respec-
tively.

Each plot sown in the flats was of 5m in length with 6 rows of 18 cm
between the rows and 40 cm between the plots, thus adding to a width
of 1.3 m. In bed sowing, 2 beds of 80 cm width and 5m length were
considered as a single plot with 3 rows at 15 cm distance on each bed. A
standard seed rate of 120 kg/ha was used for sowing in all environ-
ments. The trials in the IRR and DRT environments were sown at op-
timal sowing time, i.e. the last week of November, whereas the HFI trial
was sown in the last week of February to expose it to continous high
temperature stress. Soil moisture content was measured before sowing
to plan and manage the irrigation requirements. At sowing, 100mm of
soil water was available for germination and initial growth in all

Table 1
Information on 24 spring bread wheat (Entry No. 1–24) and 6 durum wheat
(Entry no. 25-30) varieties. Variety name and year correspond to the 1st release
name and year. Country names are listed sequentially, with the 1st country
name linked to the variety name and year.

Entry No. Variety Name Year Countries released

Bread Wheat
1 Sonalika 1965 India, Pakistan, Nepal, Yemen, Bhutan
2 Siete Cerros

T66
1966 Mexico, India, Pakistan, Turkey,

Algeria, Tunisia, Morocco, USA
3 Pavon F76 1976 Mexico, Bangladesh, Eritrea, Ethiopia,

Pakistan, Australia
4 Lok 1 1981 India (CIMMYT germplasm as parent)
5 Seri M82 1982 Mexico, Pakistan, India, Ethiopia,

Lebanon, Algeria, Bangladesh, Iran,
Nigeria, Turkey

6 HUW234 1984 India (CIMMYT germplasm as parent)
7 Opata M85 1985 Mexico
8 Bacanora T88 1988 Mexico, India, Pakistan, Iran, Syria
9 Inqalab 91 1991 Pakistan (CIMMYT germplasm as

parent)
10 Baviacora M92 1992 Mexico
11 Atilla 1995 Ethiopia, Iran, Pakistan, Sudan,

Turkey, Tunisia
12 PBW343 1995 India, Iran, China
13 Tacupeto

F2001
2001 Mexico, China

14 Norteña F2007 2007 Mexico, Iran, India
15 Roelfs F2007 2007 Mexico, Australia
16 Faisalabad

2008
2008 Pakistan, India

17 Misr #1 2009 Egypt, Afghanistan, Iran, Pakistan, Iran
18 DPW621-50 2010 India
19 Baj #1 2010 India (PVS variety*)
20 BL3063 2010 Nepal (CIMMYT germplasm as parent)
21 BARI GOM 27 2012 Bangladesh, Nepal
22 Super 152 2012 India
23 WH1105 2013 India, Pakistan, Iran
24 Borlaug100 2014 Mexico, Bolivia, Australia
Durum Wheat
25 Mexicali C75 1975 Mexico, Spain, Morocco, Tunisia,

Israel, Egypt
26 Yavaros 79 1979 Mexico, Chile, Turkey, Spain, Tunisia,

Portugal
27 Altar 84 1984 Mexico
28 Atil C2000 2000 Mexico
29 Jupare C2001 2001 Mexico
30 Cirno C2008 2008 Mexico

* PVS –Participatory variety selection by farmers.
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environments. For the high yield potential environment (FDI), at 50
days after sowing, irrigation was applied every week by distributing
400mm of water equally across the growing season. FRI and FSD en-
vironments also received a second irrigation at 50 days after sowing to
reach 180mm of irrigation. A second irrigation was given in FRI at 80
days after sowing to complete 250mm. For trials under the flood irri-
gation scheme, 5 irrigations of approximately 100mm each were ap-
plied after sowing. At sowing, ∼100 kg/ha N and 25 kg/ha P were
applied across all environments, which was followed by another N
application around first node initiation of 120 kg/ha in the FFI and BFI
environments and 100 kg/ha in the FSD, FRI and HFI environments. In
the FDI environment, 180 kg/ha N was applied in three doses at a gap
of 14 days starting from first node. Weather data for temperature and
rainfall was obtained from the local weather station located about 2 km
from CENEB experiment station (http://www.siafeson.com/remas/
index.php).

2.3. Agronomic and yield traits measured

Phenology, GY and associated traits were recorded across all en-
vironments and years. Days to heading (DH) and days to maturity(DM)
were estimated as spike emergence in 50 % of the plot and yellowing of
peduncle in 50 % of the plot, respectively. Grain filling duration (GFD)
was calculated as the difference between DH and DM. Plant height was
recorded for all plots. At physiological maturity, 50 tillers were cut
from each plot to estimate biomass (Bms), harvest index (HI), tillers per
meter square (TM), grains per meter square (GNM), thousand kernel
weight (TKW), grain weight per tiller (GWT) and grain number per
tiller (GNT) following the protocols described by Pask et al. (2012).
Whole plots were harvested at maturity and plot area of 6.5 sqm
(5× 1.3m) and 8 sqm (5×1.6m) was used to estimate GY per plot in
the flats and beds, respectively. GY and other yield related traits were
adjusted to 12 % moisture content.

2.4. Statistical analysis

Analyses were performed in two steps. In the first step, field specific
spatial adjustments were used to obtain best linear unbiased estimators
(BLUE) for mean of traits of each variety. These BLUEs were used for
subsequent analyses to study improvement in GY and associated traits
and linkage among them.

For each environment, and kth trial year, a spatial mixed linear
model based on intrinsic autoregressions (Dutta and Mondal, 2015) was
used to spatially adjust the variety effects:
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tained and BLUEs of τik variety effects were computed for each trait and
for each trial year. Next, the following regression model with interac-
tion was fitted:

= + + +t xîk k k i ik0

where îk is the spatially adjusted effect of the ith variety in kth trial year,
0 is the intercept, tk are the effects due to trial years (viz. block effects),
k are the slopes, xi is the year of release of the ith variety and ik are
residual errors. The regression model was fitted using ordinary least
squares. In order to assess the increase in GY, adjusted grain yields were
obtained for year 1965 (Sonalika) and for year 2014 (Borlaug100).
Because there was no evidence of an interaction between the trial years
and varieties (See Table 2), regression adjustments were averaged over
the trial years. In particular, the gain in GY per year (GPY) for each trait
was computed as:

=GPY 1
5 k̂

2013

2017

and the GPY relative to the baseline 1965 (GPY%) is obtained by di-
viding the GPY by the fitted trait value in 1965:

= × + + ×{ }ˆGPY GPY t% ˆ 1
5

( 1965 ˆ ) 100%
k k k0

1

Standard errors of the GPY% were obtained by Bootstrapping to im-
prove accuracy. The same second stage analysis was performed for
durum wheats considering Mexicali C75 released in 1975 as baseline.

Linkage between the various traits and the year of release was
analyzed using graphical LASSO (Friedman et al., 2008). Graphical
LASSO is a popular tool in statistics to study linkage among nodes in a
Gaussian graphical model. It has been used in studying gene regulatory
networks (Mohan et al., 2012), linkage between multiple traits in
genome-wide association studies (Gao et al., 2014) and other biological
problems. Under a Gaussian assumption, suppose the linkage among
the phenotypic traits and the year of release is represented by a sparse
inverse-covariance matrix Ω where a zero off diagonal entry indicates
conditional independence between the pair of variables involved given
the rest. In order to estimate Ω, first the pooled covariance matrix S was
computed using the spatially adjusted variety effects and the year of
release. Next, the graphical LASSO algorithm was used to minimize the
penalized negative log-likelihood: lϱ(Ω) = –log det(Ω) +Trace(SΩ) +
ϱ ||Ω||1 over the space of positive definite matrices where ||Ω||1 is the
L1 norm of Ω, i.e., the sum of the absolute values of Ω. Here large values
of the penalty parameter ϱ induces sparsity, i.e., the resulting estimates
of Ω contain more structural zeros while small positive values of ϱ
provide dense solutions. In particular, a value of ϱ=0 yields the
maximum likelihood estimate of S−1. The penalty parameter ϱ was

Table 2
Mean grain yield (t/ha, GY), standard deviation (SD), standard error (s.e) for
grain yield increase per year estimate (GPY%), and p-value for interaction ef-
fects of GPY for bread and durum wheat varieties and trial heritability(H) and
coefficient of variation (CV) in flat sowing with drip irrigation (FDI), bed
sowing with flood irrigation (BFI), flat sowing with flood irrigation(FFI), flat
sowing with reduced irrigation (FRI), flat sowing with severe drought (FSD) and
late sowing in beds with flood irrigation (HFI) across crop seasons.

FDI BFI FFI FRI FSD HFI

Bread wheat
Mean GY (SD) 7.61

(0.64)
6.56
(0.74)

6.19
(0.49)

4.97
(0.58)

3.26
(0.56)

3.16
(0.46)

s.e of GPY% 0.08 0.11 0.08 0.10 0.15 0.16
Interaction p-
value

0.63 0.30 0.30 0.17 0.08 0.30

Durum wheat
Mean GY(SD) 7.87

(0.56)
7.09
(0.69)

6.68
(0.35)

5.25
(0.28)

2.97
(0.25)

3.02
(0.72)

s.e of GPY% 0.14 0.15 0.13 0.17 0.14 0.91
Interaction p-
value

0.96 0.96 0.56 0.96 0.96 0.96

Trial Heritability 0.75 0.73 0.65 0.70 0.81 0.69
Trial C.V 7.86 8.16 7.52 6.69 9.11 8.15
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chosen by extended Bayesian Information Criteria (BIC), (Foygel and
Drton, 2010) by minimizing eBIC(ϱ) = –n{log det(Ωϱ) – Trace(SΩϱ)} +
||Ωϱ||0 log(np2)

Where, Ωϱ is the minimizer of lϱ(Ω) for a fixed value of ϱ, ||Ωϱ||0
denotes the number of non-zero entries in Ωϱ, n is the sample size and p
is the number of columns in Ω. In contrast to the sample partial cor-
relation coefficients, the estimate of Ω obtained using the graphical
LASSO provides exact and consistent estimates of the zero entries in Ω.
Additionally, by including the year of release along with the phenotypic
traits allows visualization of the trait linkages and its effect on the
progress of the breeding program.

Adjusted means and R codes are available at http://hdl.handle.net/
11529/10548299.

3. Results

3.1. Climate variables

Weather conditions varied across the trial years (Fig. 1). The mean
maximum and minimum temperatures during the crop season ranged
between 28.6–30.3 °C and 9.6–13.1 °C, respectively. While 2012–13
was the coolest crop season, 2014–15 was the warmest crop season with
∼2 °C high mean temperatures (∼4 °C high mean minimum tempera-
tures) during crop heading and grain filling. Both 2015–16 and
2016–17 had short high temperature events in February that coincided
with heading in the IRR environments. The CENEB station usually re-
ceives little or no rainfall during the crop season. In the trial years, the
highest precipitation (42mm) during crop season was recorded in
2014–15, followed by 29mm in 2016–17 and ∼12mm in 2013–14 and
2015–16.

3.2. Bread wheat

3.2.1. Pedigree analysis
Pedigree information for the varieties in this study was available in

CIMMYT database and utilized to estimate coefficients of parentage.
The principal component (PC) presented in Fig. 2 shows the diversity
within the bread wheat varieties. PC1 and PC2 axis explain 49 % of the
variation, and 4 different groups were identified based on their pedi-
gree relationship. There was no definitive trend between year of release
and pedigrees.

3.2.2. Phenology traits
The mean range of DH and DM between the lines within each trial in

the IRR environments was 27–32 days and 10–16 days, respectively,

across years. In the FDI and FFI environments, the longest crop season
was in 2012–13 with an average of 138 days, whereas 2014–15 had the
shortest crop season of 122 days (Fig. 3). Though BFI was not sown in
2012–13, the 2014–15 crop season was the shortest. The 2016–17 crop
season was similar in DH and DM to the 2014–15 season. A similar
trend was observed between the DRT environments; 2012–13 had a
longer crop season compared to other trial years. The warm 2014–15
season affected DM in both FRI and FSD. In HFI, the trend was opposite,
with 2012–13 being the shortest season compared to other years. The
GFD in the FDI environment was 47 days across years, which was
nearly a week longer compared to the FFI and BFI environments. In the
DRT environments, FRI had on average, a GFD that was 5 days longer
than in FSD across years. The mean GFD in HFI was 30days with±4
days across years. Though trends were observed when comparing DH,
DM and GFD across years with mean maximum and minimum tem-
peratures, they were not significant. There was no lodging in any en-
vironment.

3.2.3. Grain yield and other associated traits
Among the IRR environments, FDI had the highest mean GY of

7.61 t/ha across years compared to BFI and FFI at 6.56 and 6.19 t/ha,
respectively (Table 2). Between the DRT environments, FRI had 1.7 t/
ha higher mean GY than FSD. The heat environment had the lowest
mean GY of 3.26 t/ha across the crop seasons. Trial environments had
high heritabilities with no significant interaction between variety per-
formance and years of evaluation in any environments (Table 2).
Weather variations during heading and grainfilling had a moderate
impact on the IRR environments across the trial years. Trial mean GYs
in BFI and FFI environments show a negative trend in response to in-
creasing minimum temperatures, with correlation coefficients of −0.95
and −0.85 and significant at p < 0.10, respectively. None of the other
environments had significant associations with minimum or maximum
temperatures. Precipitation did not have any significant effect in any of
the trial environments.

A steady significant trend in GY was estimated in each environment
in the past 50 years of the bread wheat program (Fig. 4). Within the
irrigated environments, FDI, BFI, and FFI had GPY of 31.2 kg
ha−1 year−1, 35.3 kg ha−1 year−1, and 24.7 kg ha−1, year−1, respec-
tively (Fig. 4a). The GPY under drought was estimated to be 25.6 kg
ha−1 year−1, and 17.7 kg ha−1 year−1 in FRI and FSD, respectively
(Fig. 4b). In the heat environment, GPY was 18.1 kg ha−1 year−1

(Fig. 4c). The GPY% in each environment ranged from 0.5 to 0.7 % per
year. This trial includes varieties that had specific adaptation such as
Misr #1, which was selected under optimum irrigated conditions in Cd.
Obregon and was released for high yielding irrigated areas (Table 3).

Fig. 1. Mean maximum and minimum temperatures and total precipitation during the wheat crop season (November till May) of 2012-13, 2013-14, 2014-15, 2015-
16, 2016-17 at the Norman E. Borlaug research station (CENEB) located near Ciudad Obregon, Sonora, Mexico.

S. Mondal, et al. Field Crops Research 250 (2020) 107757

4

http://hdl.handle.net/11529/10548299
http://hdl.handle.net/11529/10548299


Misr #1 does not perform under high temperatures and can be seen
here affecting GPY in HFI (Fig. 4c). Considering the specific adaptation
of some of the varieties, GPY was replotted in FFI, FSD and HFI with a
selected set of lines released specifically for the irrigated, drought and
heat environments or have stable yeild across environments (Fig. 5).

The environments FFI and FSD were considered as representative IRR
and DRT, respectively. The estimates of GPY and slope improved in all
environments, with FFI at 33.8 kg ha−1 year−1 (0.7 %) and FSD and
HFI at 22.9 kg ha−1 year−1 (0.9 %).

The PC1 and PC2 of principal component analysis for GY in the

Fig. 2. Pedigree based relationship between 24 bread wheat varieties identified by the entry numbers with release dates.

Fig. 3. Days to heading and days to maturity in flat sowing with drip irrigation (FDI), bed sowing with flood irrigation (BFI), flat sowing with flood irrigation(FFI),
flat sowing with reduced irrigation (FRI), flat sowing with severe drought (FSD) and late sowing in beds with flood irrigation (HFI) for a) bread wheat and b) durum
wheat varieties across the crop seasons.

S. Mondal, et al. Field Crops Research 250 (2020) 107757

5



different environment/management systems explained a combined 84
% of the variation (Fig. 6). Based on GY performance and lack of sig-
nificant interaction effects between environments, the following

environments were grouped together, FDI, BFI and FFI as IRR, and FRI
and FSD as DRT. Varieties Borlaug100 (entry 24), DPW621-50 (entry
18) and Tacupeto F2001 (entry 13) were stable for GY in IRR and HFI
environments, while Baj#1 (entry 19), Super152 (entry 22) and Bari
Gom 27 (entry 21) had stable GY in the DRT environments.

A graph estimation model that handles multi-trait attributes was
explored to understand trait relationships within the IRR, DRT and HFI
environments. For example, since GY is the sum total of a range of
interdependent plant traits, a graph estimation model allows us to
evaluate the network of traits that best explains the progress in GY in a
given environment. A graphical estimation of the interdependent re-
lationships for the IRR, DRT and HFI environments is presented in
Fig.7. The strongest network resulting in GY improvement in the IRR
environments was through Bms, HI, TKW and GNM, other traits had
indirect influence on GY. The HFI environment also had a similar re-
sponse. In the DRT environment however, breeding progress in GY was
linked to GWT in addition to Bms, HI, and GNM. Plant height, DH and
DM had either weak or no direct link to GY. The partial correlation
coefficients (in %) between the trait and GY are also included in the
graph.

Looking further into the yield components of the top five high
yielding varieties in the IRR, DRT and HFI environments shows that not
all varieties had similar traits contributing to GY improvement
(Table 3). While Bms and HI follow the GY trend, differences were
observed in other yield components. Variety Borlaug100, which was
stable and high yielding across environments, had the highest GNT and

Fig. 4. Grain yield increase per year (GPY) estimated for bread wheat in a) flat sowing with drip irrigation (FDI), bed sowing with flood irrigation (BFI), and flat
sowing with flood irrigation (FFI); b) flat sowing with reduced irrigation (FRI)and flat sowing with severe drought (FSD); c) late sowing in beds with flood irrigation
(HFI); and d) durum wheat in FDI, BFI, FFI, FRI, FSD and HFI.

Fig. 5. Grain yield increase per year GPY estimated for a selected set of bread
wheat varieties under flat sowing with flood irrigationFFI, flat sowing with
severe drought FSD and late sowing in beds with flood irrigation HFI across
crop seasons. Entry numbers excluded in each environment are: FFI 4, 8,
19,20,21,22, FSD 6,9,10,12,16,17,18,20, and HFI 9,10,12,17,18,20.
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GWT. In IRR, varieties had differences in their TM, GNM and GWT that
contributed to final GY. For instance, DPW 621-50 had high TM and
GNM which compensated for low GWT as compared to other varieties.
Norteña 2007 also followed a similar trend as DPW 621-50. The two
other varieties in the IRR environment, Tacupeto F2001 and Misr #1,
were similar to Borlaug100 in their trait attributes. In DRT and HFI, the
high yielding varieties had a range of DH (early and normal/late). With
respect to yield components, Baj #1 had higher TM and maintained a
high GWT, while WH1105 had high TM and GNM that offset the effects
of low GWT resulting in higher GY under drought. Under heat stress

conditions, similar behavior was observed for Baj #1 and WH1105.
Thus while a steady improvement in all traits has resulted in increased
GY over the years, varieties have maintained different attributes that
combine for final GY.

3.3. Durum wheat

All the six durum varieties included in the study were released for
cultivation in northwestern Mexico. The DH, DM and GFD in the durum
wheat varieties follow a trend similar to the bread wheat varieties, and

Table 3
Means for days to heading (DH,days), grain yield (GY, t/ha), tillers per meter square (TM), grain number per meter square (GNM), grain number per tiller (GNT),
grain weight per tiller (GWT,g) for the top 5 varieties and trials means for each trait in irrigated (IRR), drought (FSD) and heat (HFI) environments across years.
Standard errors (s.e) are included in parenthesis.

Variety name Year of release DH GY TM GNM GNT GWT TKW

IRR
Borlaug100 F2014 2014 80(1.5) 7.99(0.34) 329(21) 15026(833) 49(2.7) 2.63(0.11) 54.4(1.03)
DPW621-50 2010 82(1.6) 7.57(0.31) 423(28) 16110(783) 42(2.1) 1.95(0.08) 47.5(0.95)
Tacupeto F2001 2001 82(1.4) 7.44(0.34) 344(22) 14513(772) 45(2.2) 2.34(0.08) 52(1.05)
Misr #1 2009 83(1.7) 7.36(0.32) 347(25) 15185(858) 47(2.2) 2.33(0.08) 49.6(0.78)
Norteña F2007 2007 80(1.5) 7.19(0.31) 382(24) 13756(728) 39(1.9) 2.02(0.08) 53.6(1.12)

Mean(s.e) 79(0.4) 6.82(0.07) 388(5) 14344(182) 40 (0.5) 1.95 (0.02) 49.4 (0.34)

DRT
Baj #1 2010 71(1.4) 4.20(0.51) 352(49) 10567(1154) 32(1.4) 1.38(0.15) 40.2(3.33)
Super 152 2012 68(1.6) 3.83(0.45) 344(54) 9648(1368) 30(3.4) 1.30(0.10) 41.1(3.84)
WH1105 2013 74(3.9) 3.83(1.24) 386(212) 11640(456) 34(3.6) 1.25(0.11) 31.9(2.98)
BARI Gom 27 2012 70(1.4) 3.80(0.37) 334(43) 9525(1069) 30(2.0) 1.31(0.10) 40.8(2.61)
Borlaug100 F2014 2014 76(1.2) 3.79(0.42) 296(61) 9574(1140) 36(4.2) 1.52(0.09) 40.3(3.48)

Mean(s.e) 74(0.6) 3.27 (0.09) 314(10) 8467 (248) 30(0.60) 1.23 (0.03) 39.7 (0.53)

HFI
Borlaug100 F2014 2014 59(1.5) 3.97(0.85) 284(62) 9568(1405) 37(2.9) 1.52(0.14) 42.8(3.97)
WH1105 2013 57(1.9) 3.77(0.51) 295(26) 10851(1029) 37(2.9) 1.33(0.05) 36.1(0.53)
DPW621-50 2010 57(1.0) 3.70(0.54) 291(35) 9733(980) 36(2.5) 1.38(0.08) 40.1(2.76)
Baj #1 2010 54(1.9) 3.57(0.57) 326(50) 9564(1390) 31(1.1) 1.21(0.05) 39.7(1.79)
Tacupeto F2001 2001 58(1.1) 3.52(0.66) 259(43) 8511(1022) 36(2.3) 1.48(0.12) 42.8(4.12)

Mean(s.e) 56(0.4) 3.17(0.12) 287(9) 8375 (246) 31(0.60) 1.21(0.02) 40.1 (0.62)

Fig. 6. Principal component analysis of grain yield in different
environments across years in flat sowing with drip irrigation
(FDI), bed sowing with flood irrigation (BFI), flat sowing with
flood irrigation (FFI), flat sowing with reduced irrigation
(FRI), flat sowing with severe drought (FSD) and late sowing
in beds with flood irrigation (HFI).
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the 2012–13 season was on average 10 days longer than 2014–15, the
shortest season in the IRR and DRT environments (Fig. 3). The varieties
took, on average, 7 days longer to mature across years in the FDI en-
vironment compared to FFI and BFI. Between the earliest and latest
durum variety, there was a difference of 10 days in GFD across years in
the IRR environments. In the DRT environments, FSD and FRI had si-
milar DH and DM across years. Though trends were observed in the
trials with respect to the years, there was no significant correlation
between maximum and minimum temperatures with DH or DM.

The mean GY across years was 7.86 t/ha, 7.09 t/ha and 6.68 t/ha in
FDI, BFI and FFI, respectively (Table 2). The highest mean GY within
the IRR environments was in FDI, similar to bread wheat. In the DRT
environments, the mean GYs across years were 5.25 t/ha and 2.97 t/ha
in FRI and FSD, respectively. The mean GY in HFI was 3.02 t/ha. GY
performance of the varieties were significantly associated between en-
vironments FFI (R=0.97, p < 0.001) and BFI (R=0.85, p < 0.001)
with FDI; however, no such associations were observed between the
environments in drought or heat (FSD, FRI and HFI). No associations
with maximum or minimum temperatures were observed. The GPY
estimated for the representative durum varieties between 1975–2008 in
the IRR and HFI environments were significant (Fig. 4d). The highest
GPY was estimated in BFI at 48.1 kg ha−1 year−1 (0.8 %), followed by
HFI at 29.8 kg ha−1 year−1 (1.3 %), FDI at 29.6 kg ha−1 year−1 (0.4
%) and FFI at 18.8 kg ha−1 year−1 (0.3 %). The GPY in the FSD and FRI

environment were not significant (Fig. 4d). Given the limited number of
durum entries in this study, their trait correlations were not estimated.

4. Discussion

4.1. Diversity in breeding program

The gains achieved in GY during the Green Revolution in the 1960s
was the result of the development of high yielding semi-dwarf varieties,
with increased HI and disease resistance, and sown using improved
agronomic practices including fertilizer application and irrigation.
Since then the breeding program has focused on developing germplasm
adapted to a wide range of crop production geographies and the release
of the improved varieties in multiple countries confirms this fact.
Studies on the impact of CIMMYT germplasm on wheat breeding also
reiterate these observations (Heisey et al., 2002; Lantican et al., 2016).
By focusing primarily on elite x elite crosses, similarities are expected in
the varieties through their parentage. It is interesting, however, that the
varieties were clustered into 4 sub-groups, with the most recent vari-
eties (after year 2000) being distributed across these clusters. For ex-
ample, Baj#1, DPW621-50 and Borlaug100 are recent varieties that
have been grouped in separate clusters. At a variety level, Sonalika was
distinctive, known as the variety that brought about Green Revolution
(Swaminathan, 2013), has largely been identified as a poor combiner in

Fig. 7. Trait linkages with grain yield (GY) in a) irrigated, b) drought, and c) heat environments across years. Blue and red color lines present the positive and
negative associations respectively. The LASSO estimates of the partial correlations (in %) are shown in the connecting lines. Y- year of release, DH – days to heading,
DM – days to maturity, PH – plant height, Bms – biomass, HI – harvest index, TM – tillers per meter square, GNM – grain number per meter square GWT – grain
weight per tiller, GNT – grain number per tiller, TKW – thousand kernel weight (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article).
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the CIMMYT breeding program. However, it clustered with varieties
that were bred by national partners that is Lok1, HUW234 and BL3063.
Among the mega varieties, Siete Cerros and Seri M 82 were extensively
used in CIMMYT breeding program to dervie new wheat germplasm. Of
the varieties in this study, Attila and PBW343 are two sister lines de-
rived from Seri M 82 that were very popular and widely grown. Another
major variety was Baviacora M92, which was widely used as a parent
post its release due to its high grain yield adaptation on both bed and
flat management systems and under drought. Tacupeto F2001, Roelfs
F2007 and Borlaug100 F2014 were derived from Baviacora M92 that
continued addition GPY. The breeding program continues to explore
and harness the diversity in the elite germplasm pool to target the core
traits of high and stable grain yield, disease resistance and quality.

4.2. Environment and management effects

Weather across the trial years had an impact on the irrigated en-
vironments. The increase in mean minimum temperatures during the
2014–15 crop season resulted in a mean reduction of 1 t/ha in GY of the
trials in FFI and BFI environments. The warm temperatures in 2014–15
also had an impact in farmers’ fields in the state of Sonora, Mexico with
reported losses of nearly 28 % and 20 % in productivity compared to
the cooler 2012–13 and 2013–14 crop seasons (Servicio de Informacion
Agroalimentaria y Pesquera, 2019. SIACON. Available at SIAP: https://
www.gob.mx/siap: accessed 24.06.19), respectively. Interestingly no
impact was observed in the FDI environments, where weekly irrigation
was given which could have offset the effects of high temperatures due
to the constant availability of water allowing canopies to be cooler.
Longer GFD in cooler years and the ability to maintain GFD in warmer
years were most likely the key to higher GY in FDI. Similarly, no effect
was observed in the drought environments, most likely because heading
was completed by mid-February, before the temperatures increased in
2014–15.

The differences in management conditions are reflected in mean
trial GY. Within the irrigated environments, FDI was a unique en-
vironment with high N and continous irrigation, the mean trial GY
increased by 10–20 % compared to FFI and BFI across years. Even the
warm 2014–15 season had no impact on mean GY in FDI. Use of drip
irrigation systems for wheat production has been suggested by other
studies as well (Du et al., 2015; Habbasha and Ramadan, 2014; Kumar,
2016; Mostafa et al., 2017). Our study also shows the potential of drip
irrigation systems to improve GYs in northwestern Mexico. The effects
of continous irrigation on GY in FDI is in line with the other wheat
studies on the benefits of drip irrigation (Dar et al., 2017; El-rahman,
2009; Li et al., 2016; Mostafa et al., 2017). These studies have reported
that one of the primary benefits of drip irrigation is improved water use
efficiency (WUE), while WUE could not be estimated in the current
study, higher productivity in FDI compared to BFI or FFI, could indicate
improved water use. There is a possibility that higher N interacted with
continous irrigation to improve GY in FDI; however, the effects could
not be accurately studied in this experiment. Lodging also could be an
issue under high N and continous irrigation however effects could not
be studied here as the FDI environment was protected and other en-
vironments did not have any lodging event. Further studies are cur-
rently being conducted to understand the potential use of drip and
continous irrigation for wheat production in northwestern Mexico.

4.3. Breeding progress in bread and durum wheat

Since the mid 1960s, we estimate steady breeding progress for GY in
the high yield potential environment, as well as in the breeding en-
vironments in which these varieties were developed and selected. The
estimated breeding progress values for bread wheat are quite similar to
those reported for CIMMYT germplasm (Aisawi et al., 2015; Honsdorf
et al., 2018; Lopes et al., 2012). The drastic increase in GPY by 37 % in
FFI and 22 % in FSD and HFI, when considering varieties that were

selected and released in particular environments and highlights the
importance of the germplasm in consideration when conducting such
studies. The FFI, FSD and HFI environments represent nearly 80 % of
the target environments for germplasm development in the breeding
program.

The GPY was higher in BFI compared to FFI and FDI, a possible
reason for this could be that CIMMYT shifted to evaluation of advanced
lines under both bed and flat management system since late 1990′s,
varieties developed before that were evaluated for their grain yield
performance only in flat management system and thus early semi-dwarf
varieities may have lacked adaptation in the bed management system.
The breeding strategy since the 2000s has focused on simultaneous
selection under flats and beds in optimally irrigated and drought stress
conditions to build resilience.

The stable performance of newer lines across trial years and man-
agement conditions also indicates that yield stability is still a key fea-
ture in CIMMYT germplasm. The stable performance of varieties such as
Baj#1 and Bari Gom27 under warm temperatures in eastern Gangetic
plains of South Asia and Borlaug100 across environments in Cd.
Obregon has been documented in previous studies as well (Mondal
et al., 2015, 2013). In the IRR environments, durum variety Cirno
C2008 was the highest yielder across years, followed by the bread
wheat variety Borlaug100. In the stress environments, however, bread
wheat varieties performed better than the durum varieties in our trials.
With the limited number of durum wheat entries, some of the in-
ferences may be biased.

A key trait that has been overlooked in this study and in most others
following this strategy of genetic gain estimation is the impact of dis-
ease resistance. Breeding progress estimates by this strategy is largely
based on potential GY, which is only a part of the value of the variety
developed. In most wheat producing regions, disease resistance is still
one of the key traits for breeding and varietal release. Sayre et al.
(1998) estimated that genetic gains in GY were 33 % higher in trials
conducted under non-protected conditions for leaf rust versus fungicide
protected trials. This is quite significant considering that a majority of
CIMMYT targeted wheat growing regions still depend on genetic dis-
ease resistance. Thus, the realized value of breeding progress should
include progress in potential GY and value-added traits that result in
successful variety adoption

While the CIMMYT breeding program relies on the two strategies to
estimate GYP, other methods also exists that have been utilized to es-
timate genetic gains. A common methodology includes utilization of
data from long-term national variety evaluation trials in a country or a
wheat growing region, such as, Dube et al. (2019) in South Africa and,
Laidig et al. (2017) and Piepho et al. (2014) in Germany utilized Na-
tional variety trials data for estimating genetic gains while Graybosch
and Peterson (2010, 2012) used the regional nursery trial data to es-
timate genetic gains in great plains of North America from 1959–2008.
This methodology is quite similar to the CIMMYT strategy of using GY
data from internationally distributed trials. Estimating progress in grain
yield is important for breeding programs globally and should be con-
ducted periodically to evaluate the effectiveness of breeding strategies.
Ideally, such studies should include both yield potential experiments
where lodging and diseases are controlled and non- protected experi-
ments, however economics and logistics often restrict the dimensions of
long-term trials.

4.4. Trait associations

Studies conducted before 1990 found HI and GNM to be associated
with GPY under irrigated conditions; however, more recent studies
have shown a positive association of Bms and GWT with GPY in
CIMMYT germplasm (Aisawi et al., 2015; Fischer et al., 1998; Foulkes
et al., 2007; Honsdorf et al., 2018; Lopes et al., 2012; Sayre et al., 1997;
Waddington et al., 1986). Our study shows that Bms, HI, and GNM were
important for progress in breeding for GY under drought stress
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conditions, which is contrary to Lopes et al. (2012), who found GNM to
be an important trait only under stress conditions. Linear/marginal
(Pearson) correlations fail to address the multi trait dependency of the
response variable because they do not necessarily represent functional
associations between the traits (Buhlmann et al., 2010; Dutta and Roy,
2017). The graphical models, such as the one used in this study might
be better approach. While multi trait graphical LASSO have been used
in studies of brain neural networks and gene association networks,
among others (Danaher et al., 2014; Kolar et al., 2014; Krämer et al.,
2009; Mazumder and Hastie, 2012); this is the first time it has been
used to recognize the relationship of multiple traits with GY. It has
helped highlight the complex relationship between traits for enhancing
GY in different environments. A weak or no link between the year of
release and the grain yield suggest that the gain in grain yield is mostly
compensated by gain or loss in other observed phenotypic traits.

Unlike most studies that focus on the overall trend/association of
traits with GY, a dissection of the yield component traits in this study
reveals various strategies that were employed by the highest yielding
varieties in each environment. A stable high yielding variety such as
Borlaug100 had both high GNT and GWT, a unique combination, while
WH1105 had higher TM and GNM to compensate for lower GWT. The
negative association between GNT and GWT and the compensation
effects on GY have been widely studied in wheat (Griffiths et al., 2015;
Philipp et al., 2018). These results highlight that the recently developed
varieties have not been selected using a unidirectional selection ap-
proach of only high GNT or TM, and maintaining diversity in yield
component traits is essential considering that the breeding program is
focused on developing stable climate resilient wheat varieties.

5. Conclusions

Our study highlights a continous upward trend in the breeding
progress of the CIMMYT wheat breeding program in a range of en-
vironments and management conditions. It also suggests that the uti-
lization of drip irrigation systems makes judicious use of water re-
sources while increasing yield potential. And lastly it brings forward a
new approach to understand the complex relationship of traits that
improve GY potential in wheat and highlights that varieties have dif-
ferent trait strategies to achieve GY.

CRediT authorship contribution statement

Suchismita Mondal: Conceptualization, Methodology,
Investigation, Project administration, Writing - original draft. Somak
Dutta: Formal analysis, Software, Writing - review & editing. Leonardo
Crespo-Herrera: Writing - review & editing. Julio Huerta-Espino:
Writing - review & editing. Hans J. Braun: Supervision, Funding ac-
quisition, Writing - review & editing. Ravi P. Singh: Conceptualization,
Supervision, Funding acquisition, Writing - review & editing.

Declaration of Competing Interests

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

The work presented here was supported in part by the Delivering
Genetic Gain in Wheat project, supported by aid from the U.K.
Government’s Department of International Development (DFID) and
the Bill & Melinda Gates Foundation (Grant No.: OPP1133199). Partial
support was also provided the CGIAR Research Program-Wheat.

References

Aisawi, K., Reynolds, M., Singh, R., Foulkes, M., 2015. The physiological basis of the
genetic progress in yield potential of CIMMYT spring wheat cultivars from 1966 to
2009. Crop Sci. 55 (4), 1749–1764. https://doi.org/10.2135/cropsci2014.09.0601.

Buhlmann, P., Kalish, M., Maathuis, M.H., 2010. Variable selection in high-dimensional
linear models: partially faithful distributions and the PC-simple algorithm.
Biometrika 97, 261–278.

Crespo-Herrera, L.A., Crossa, J., Huerta-Espino, J., Autrique, E., Mondal, S., Velu, G.,
Vargas, M., Braun, H.J., Singh, R.P., 2017. Genetic yield gains in CIMMYT’S inter-
national elite spring wheat yield trials by modeling the genotype × environment
interaction. Crop Sci. 57, 789–801. https://doi.org/10.2135/cropsci2016.06.0553.

Crespo-Herrera, L.A., Crossa, J., Huerta-Espino, J., Vargas, M., Mondal, S., Velu, G.,
Payne, T.S., Braun, H., Singh, R.P., 2018. Genetic gains for grain yield in CIMMYT’s
semi-arid wheat yield trials grown in suboptimal environments. Crop Sci. 58 (5),
1890–1898. https://doi.org/10.2135/cropsci2018.01.0017.

Danaher, P., Wang, P., Witten, D.M., 2014. The joint graphical LASSO for inverse cov-
ariance estimation across multiple classes. J. R. Stat. Soc. Series B Stat. Methodol. 76,
373–397. https://doi.org/10.1111/rssb.12033.

Dar, E.A., Brar, A.S., Singh, K.B., 2017. Water use and productivity of drip irrigated wheat
under variable climatic and soil moisture regimes in North-West, India. Agric.
Ecosyst. Environ. 248, 9–19. https://doi.org/10.1016/j.agee.2017.07.019.

Du, T., Kang, S., Zhang, J., Davies, W.J., 2015. Deficit irrigation and sustainable water-
resource strategies in agriculture for China’s food security. J. Exp. Bot. 66,
2253–2269. https://doi.org/10.1093/jxb/erv034.

Dube, E., Kilian, W., Mwadzingeni, L., Sosibo, N.Z., Barnard, A., Tsilo, T.J., 2019. Genetic
progress of spring wheat grain yield in various production regions of South Africa. S.
Afr. J. Plant Soil 36, 33–39. https://doi.org/10.1080/02571862.2018.1469793.

Dutta, S., Mondal, D., 2015. An h‐likelihood method for spatial mixed linear models based
on intrinsic auto‐regressions. J. R. Stat. Soc. Ser. B Stat. Methodol. 77, 699–726.
https://doi.org/10.1111/rssb.12084.

Dutta, S., Roy, V., 2017. A Note on Marginal Correlation Based Screening.
arXiv:1707.08143.

El-rahman, G.A., 2009. Water use efficiency of wheat under drip irrigation systems at Al-
Maghara area, North Sinai, Egypt American-Eurasian. J. Agric. Environ. Sci. 5,
664–670.

Fischer, R.A., Rees, D., Sayre, K.D., Lu, Z.M., Condon, A.G., Larque Saavedra, A., 1998.
Wheat yield progress associated with higher stomatal conductance and photo-
synthetic rate, and cooler canopies. Crop Sci. 38, 1467–1475. https://doi.org/10.
2135/cropsci1998.0011183X003800060011x.

Foulkes, M.J., Snape, J.W., Shearman, V.J., Reynolds, M.P., Gaju, O., Sylvester-Bradley,
R., 2007. Genetic progress in yield potential in wheat: recent advances and future
prospects. J. Agric. Sci. 145, 17–29. https://doi.org/10.1017/s0021859607006740.

Foygel, R., Drton, M., 2010. Extended bayesian information criteria for gaussian graphical
models. In: Lafferty, J.D., Williams, C.K.I., Shawe-Taylor, J., Zemel, R.S., Culotta, A.
(Eds.), Advances in Neural Information Processing Systems 23. Curran Associates,
Inc., pp. 604–612.

Friedman, J., Hastie, T., Tibshirani, R., 2008. Sparse inverse covariance estimation with
the graphical lasso. Biostatistics 9, 432–441. https://doi.org/10.1093/biostatistics/
kxm045.

Gao, H., Zhang, T., Wu, Y., Wu, Y., Jiang, L., Zhan, J., Li, J., Yang, R., 2014. Multiple-trait
genome-wide association study based on principal component analysis for residual
covariance matrix. Heredity (Edinb) 113, 526–532. https://doi.org/10.1038/hdy.
2014.57.

Graybosch, R.A., Peterson, C.J., 2010. Genetic improvement in winter wheat yields in the
Great Plains of North America, 1959-2008. Crop Sci. 50, 1882–1890. https://doi.org/
10.2135/cropsci2009.11.0685.

Graybosch, R.A., Peterson, C.J., 2012. Specific adaptation and genetic progress for grain
yield in Great Plains hard winter wheats from 1987 to 2010. Crop Sci. 52, 631–643.
https://doi.org/10.2135/cropsci2011.08.0412.

Griffiths, S., Wingen, L., Pietragalla, J., Garcia, G., Hasan, A., Miralles, D., Calderini, D.F.,
Ankleshwaria, J.B., Waite, M.L., Simmonds, J., Snape, J., Reynolds, M., 2015. Genetic
dissection of grain size and grain number trade-offs in CIMMYT wheat germplasm.
PLoS One 10, 1–18. https://doi.org/10.1371/journal.pone.0118847.

Habbasha, E., Ramadan, A., 2014. Wheat production in the arid regions by using drip
irrigation system. Int. J. Adv. Res. 2, 84–96.

Heisey, P.W., Lantican, M.A., Dubin, H.J., 2002. Impacts of International Wheat Breeding
Research in Developing Countries, 1966-97. CIMMYT, Mexico, D.F.

Honsdorf, N., Mulvaney, M.J., Singh, R.P., Ammar, K., Burgueño, J., Govaerts, B.,
Verhulst, N., 2018. Genotype by tillage interaction and performance progress for
bread and durum wheat genotypes on irrigated raised beds. F. Crop. Res. 216, 42–52.
https://doi.org/10.1016/J.FCR.2017.11.011.

Kolar, M., Liu, H., Xing, E.P., 2014. Graph estimation from multi-attribute data. J. Mach.
Learn. Res. 15, 1713–1750.

Krämer, N., Schäfer, J., Boulesteix, A.-L., 2009. Regularized estimation of large-scale gene
association networks using graphical Gaussian models. BMC Bioinf. 10, 384. https://
doi.org/10.1186/1471-2105-10-384.

Kumar, M.D., 2016. Water saving and yield enhancing mirco irrigation technologies in
India: theory and practice. In: Vishwanathan, P.K., Kumar, M.D., Narayanmoorthy, A.
(Eds.), Micro Irrigation Systems in India, pp. 13–37. https://doi.org/10.1007/978-
981-10-0348-6.

Laidig, F., Piepho, H.-P., Rentel, D., Drobek, T., Meyer, U., Huesken, A., 2017. Breeding
progress, environmental variation and correlation of winter wheat yield and quality
traits in German official variety trials and on-farm during 1983–2014. Theor. Appl.
Genet. 130, 223–245. https://doi.org/10.1007/s00122-016-2810-3.

S. Mondal, et al. Field Crops Research 250 (2020) 107757

10

https://doi.org/10.2135/cropsci2014.09.0601
http://refhub.elsevier.com/S0378-4290(19)31500-X/sbref0010
http://refhub.elsevier.com/S0378-4290(19)31500-X/sbref0010
http://refhub.elsevier.com/S0378-4290(19)31500-X/sbref0010
https://doi.org/10.2135/cropsci2016.06.0553
https://doi.org/10.2135/cropsci2018.01.0017
https://doi.org/10.1111/rssb.12033
https://doi.org/10.1016/j.agee.2017.07.019
https://doi.org/10.1093/jxb/erv034
https://doi.org/10.1080/02571862.2018.1469793
https://doi.org/10.1111/rssb.12084
http://refhub.elsevier.com/S0378-4290(19)31500-X/sbref0050
http://refhub.elsevier.com/S0378-4290(19)31500-X/sbref0050
http://refhub.elsevier.com/S0378-4290(19)31500-X/sbref0055
http://refhub.elsevier.com/S0378-4290(19)31500-X/sbref0055
http://refhub.elsevier.com/S0378-4290(19)31500-X/sbref0055
https://doi.org/10.2135/cropsci1998.0011183X003800060011x
https://doi.org/10.2135/cropsci1998.0011183X003800060011x
https://doi.org/10.1017/s0021859607006740
http://refhub.elsevier.com/S0378-4290(19)31500-X/sbref0070
http://refhub.elsevier.com/S0378-4290(19)31500-X/sbref0070
http://refhub.elsevier.com/S0378-4290(19)31500-X/sbref0070
http://refhub.elsevier.com/S0378-4290(19)31500-X/sbref0070
https://doi.org/10.1093/biostatistics/kxm045
https://doi.org/10.1093/biostatistics/kxm045
https://doi.org/10.1038/hdy.2014.57
https://doi.org/10.1038/hdy.2014.57
https://doi.org/10.2135/cropsci2009.11.0685
https://doi.org/10.2135/cropsci2009.11.0685
https://doi.org/10.2135/cropsci2011.08.0412
https://doi.org/10.1371/journal.pone.0118847
http://refhub.elsevier.com/S0378-4290(19)31500-X/sbref0100
http://refhub.elsevier.com/S0378-4290(19)31500-X/sbref0100
http://refhub.elsevier.com/S0378-4290(19)31500-X/sbref0105
http://refhub.elsevier.com/S0378-4290(19)31500-X/sbref0105
https://doi.org/10.1016/J.FCR.2017.11.011
http://refhub.elsevier.com/S0378-4290(19)31500-X/sbref0115
http://refhub.elsevier.com/S0378-4290(19)31500-X/sbref0115
https://doi.org/10.1186/1471-2105-10-384
https://doi.org/10.1186/1471-2105-10-384
https://doi.org/10.1007/978-981-10-0348-6
https://doi.org/10.1007/978-981-10-0348-6
https://doi.org/10.1007/s00122-016-2810-3


Lantican, M.A., Braun, H.J., Payne, T.S., Singh, R., Sonder, K., Baum, M., van Ginkel, M.,
Erenstein, O., 2016. Impacts of International Wheat Improvement Research
1994–2014. CIMMYT, Mexico, D.F.

Li, J., Cui, J., Chen, R., Yang, P., Wu, Y., Chai, S., Ma, F., 2016. Evapotranspiration and
crop coefficient of drip-irrigated winter wheat in China’s Xinjiang Province. Science
ASIA 42, 303–314.

Lopes, M.S., Reynolds, M.P., Manes, Y., Singh, R.P., Crossa, J., Braun, H.J., 2012. Genetic
yield gains and changes in associated traits of CIMMYT spring bread wheat in a
“Historic” set representing 30 years of breeding. Crop Sci. 52, 1123–1131. https://
doi.org/10.2135/cropsci2011.09.0467.

Manès, Y., Gomez, H.F., Puhl, L., Reynolds, M., Braun, H.J., Trethowan, R., 2012. Genetic
yield gains of the CIMMYT international semi-arid wheat yield trials from 1994 to
2010. Crop Sci. 52, 1543–1552.

Mazumder, R., Hastie, T., 2012. The graphical LASSO: new insights and alternatives.
Electron. J. Stat. 6, 2125–2149. https://doi.org/10.1214/12-EJS740.

Mohan, K., Chung, M., Han, S., Witten, D., Lee, S., Fazel, M., 2012. Structured learning of
gaussian graphical models. In: Pereira, F., Burges, C.J.C., Bottou, L., Weinberger, K.Q.
(Eds.), Advances in Neural Information Processing Systems 25. Curran Associates,
Inc., pp. 620–628.

Mondal, S., Singh, R.P., Crossa, J., Huerta-Espino, J., Sharma, I., Chatrath, R., Singh, G.P.,
Sohu, V.S., Mavi, G.S., Sukaru, V.S.P., Kalappanavarg, I.K., Mishra, V.K., Hussain, M.,
Gautam, N.R., Uddin, J., Barma, N.C.D., Hakim, A., Joshi, A.K., 2013. Earliness in
wheat: a key to adaptation under terminal and continual high temperature stress in
South Asia. F. Crop. Res. 151, 19–26. https://doi.org/10.1016/j.fcr.2013.06.015.

Mondal, S., Singh, R.P., Huerta-Espino, J., Kehel, Z., Autrique, E., 2015. Characterization
of heat-and drought-stress tolerance in high-yielding spring wheat. Crop Sci. 55,
1552–1562. https://doi.org/10.2135/cropsci2014.10.0709.

Mostafa, H., El-Nady, R., Awad, M., El-Ansary, M., 2017. Drip irrigation management for
wheat under clay soil in arid conditions. Ecol. Eng. 121, 35–43. https://doi.org/10.

1016/j.ecoleng.2017.09.003.
Ortiz, R., Trethowan, R., Ferrara, G.O., Iwanaga, M., Dodds, J.H., Crouch, J.H., Crossa, J.,

Braun, H.J., 2007. High yield potential, shuttle breeding, genetic diversity, and a new
international wheat improvement strategy. Euphytica 157, 365–384. https://doi.org/
10.1007/s10681-007-9375-9.

Pask, A., Pietragalla, J., Mullan, D., Reynolds, M., 2012. Physiological Breeding II: a Field
Guide to Wheat Phenotyping. CIMMYT, Mexico, D.F.

Philipp, N., Weichert, H., Bohra, U., Weschke, W., Schulthess, A.W., Weber, H., 2018.
Grain number and grain yield distribution along the spike remain stable despite
breeding for high yield in winter wheat. PLoS One 13 (10), e0205452. https://doi.
org/10.1371/journal.pone.0205452.

Piepho, H.-P., Laidig, F., Drobek, T., Meyer, U., 2014. Erratum to: dissecting genetic and
non-genetic sources of long-term yield trend in German official variety trials. Theor.
Appl. Genet. 127, 1679. https://doi.org/10.1007/s00122-014-2340-9.

Sayre, K., Rajaram, S., Fischer, R.A., 1997. Yield potential progress in short bread wheats
in Northwest Mexico. Crop Sci. - Crop Sci. 37, 36–42.

Sayre, K.D., Singh, R.P., Huerta-Espino, J., Rajaram, S., 1998. Genetic progress in redu-
cing losses to leaf rust in CIMMYT-derived Mexican spring wheat cultivars. Crop Sci.
38, 654–659. https://doi.org/10.2135/cropsci1998.0011183X00380003006x.

Sharma, R.C., Crossa, J., Velu, G., Huerta-Espino, J., Vargas, M., Payne, T.S., Singh, R.P.,
2012. Genetic gains for grain yield in CIMMYT spring bread wheat across interna-
tional environments. Crop Sci. 52, 1522–1533.

Swaminathan, M.S., 2013. Genesis and growth of the yield revolution in wheat in India:
lessons for shaping our agricultural destiny. Agric. Res. 2, 183–188. https://doi.org/
10.1007/s40003-013-0069-3.

Waddington, S.R., Ransom, J.K., Osmanzai, M., Saunders, D.A., 1986. Improvement in the
yield potential of bread wheat adapted to northwest Mexico. Crop Sci. 26, 698–703.
https://doi.org/10.2135/cropsci1986.0011183X002600040012x.

S. Mondal, et al. Field Crops Research 250 (2020) 107757

11

http://refhub.elsevier.com/S0378-4290(19)31500-X/sbref0135
http://refhub.elsevier.com/S0378-4290(19)31500-X/sbref0135
http://refhub.elsevier.com/S0378-4290(19)31500-X/sbref0135
http://refhub.elsevier.com/S0378-4290(19)31500-X/sbref0140
http://refhub.elsevier.com/S0378-4290(19)31500-X/sbref0140
http://refhub.elsevier.com/S0378-4290(19)31500-X/sbref0140
https://doi.org/10.2135/cropsci2011.09.0467
https://doi.org/10.2135/cropsci2011.09.0467
http://refhub.elsevier.com/S0378-4290(19)31500-X/sbref0150
http://refhub.elsevier.com/S0378-4290(19)31500-X/sbref0150
http://refhub.elsevier.com/S0378-4290(19)31500-X/sbref0150
https://doi.org/10.1214/12-EJS740
http://refhub.elsevier.com/S0378-4290(19)31500-X/sbref0160
http://refhub.elsevier.com/S0378-4290(19)31500-X/sbref0160
http://refhub.elsevier.com/S0378-4290(19)31500-X/sbref0160
http://refhub.elsevier.com/S0378-4290(19)31500-X/sbref0160
https://doi.org/10.1016/j.fcr.2013.06.015
https://doi.org/10.2135/cropsci2014.10.0709
https://doi.org/10.1016/j.ecoleng.2017.09.003
https://doi.org/10.1016/j.ecoleng.2017.09.003
https://doi.org/10.1007/s10681-007-9375-9
https://doi.org/10.1007/s10681-007-9375-9
http://refhub.elsevier.com/S0378-4290(19)31500-X/sbref0185
http://refhub.elsevier.com/S0378-4290(19)31500-X/sbref0185
https://doi.org/10.1371/journal.pone.0205452
https://doi.org/10.1371/journal.pone.0205452
https://doi.org/10.1007/s00122-014-2340-9
http://refhub.elsevier.com/S0378-4290(19)31500-X/sbref0200
http://refhub.elsevier.com/S0378-4290(19)31500-X/sbref0200
https://doi.org/10.2135/cropsci1998.0011183X00380003006x
http://refhub.elsevier.com/S0378-4290(19)31500-X/sbref0210
http://refhub.elsevier.com/S0378-4290(19)31500-X/sbref0210
http://refhub.elsevier.com/S0378-4290(19)31500-X/sbref0210
https://doi.org/10.1007/s40003-013-0069-3
https://doi.org/10.1007/s40003-013-0069-3
https://doi.org/10.2135/cropsci1986.0011183X002600040012x

	Fifty years of semi-dwarf spring wheat breeding at CIMMYT: Grain yield progress in optimum, drought and heat stress environments
	Introduction
	Materials and methods
	Plant material
	Trial conditions
	Agronomic and yield traits measured
	Statistical analysis

	Results
	Climate variables
	Bread wheat
	Pedigree analysis
	Phenology traits
	Grain yield and other associated traits

	Durum wheat

	Discussion
	Diversity in breeding program
	Environment and management effects
	Breeding progress in bread and durum wheat
	Trait associations

	Conclusions
	CRediT authorship contribution statement
	mk:H1_21
	Acknowledgements
	References




