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1 | INTRODUCTION

Wheat (Triticum aestivum L.) is an essential food security crop in Afghanistan. To
determine the contribution of wheat breeding to increasing productivity, we analyzed
data obtained from 192 trials conducted over 11 locations from 2002-2003 to 2015—
2016. Using this data, we estimated annual genetic gains for grain yield, days to head-
ing and plant height over the 14-yr period. We used best linear unbiased estimates
to measure genetic gains across CIMMYT Elite Spring Wheat Yield Trials per se
and for the top 5 and top 10% performing genotypes relative to checks. Mean real-
ized genetic gain for grain yield was 115 kg ha™! yr~!, whereas the top 10 genotypes
achieved annual yield gains of 123 kg ha~!. The continually replaced local check

s also contributed an annual genetic gain for yield of 107 kg ha~!. The associated
adaptive traits days to heading and plant height varied in their response over time with
the top 10 yielding genotypes having a 1.82 d annual reduction in heading date while
plant height increased by 0.77 cm yr~! for the same set of genotypes. Results show
that continual breeding improvements confer yield gains, contributing to increasing
Afghan wheat productivity. This has wider relevance for demonstrating the value of
continued investment in public sector plant breeding supporting wheat production

and food security in Central Asia.

ing regions in the developing world. The distribution and
testing of CIMMYT-derived advanced wheat breeding lines
across environmental zones worldwide has characterized

The International Maize and Wheat Improvement Center
(CIMMYT) develops and distributes improved germplasm
targeted toward diverse wheat (Triticum aestivum L.) grow-

Abbreviations: ARIA, Agricultural Research Institute of Afghanistan;
BLUE, best linear unbiased estimate; BLUP, best linear unbiased predictor;
CIMMYT, International Maize and Wheat Improvement Center; DTH, days
to heading; ESWYT, Elite Spring Wheat Yield Trial; GY, grain yield;
IWIN, International Wheat Improvement Network; LC, local check; PTH,
plant height.

global wheat production into several mega-environments or
target population of environments, and its wheat improve-
ment priorities are targeted accordingly (Braun et al., 2010;
Rajaram et al., 1993). The target population of environment
concept has been recently substantiated by studies showing
wide diversity among the sites where CIMMYT’s collabo-
rative yield trials have been historically evaluated (Crespo-
Herrera et al., 2021). This extensive global environmental
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diversity presents both challenges and opportunities to breed-
ers attempting to develop or select wheat cultivars with both
high yield potential and wide adaptation.

Cultivar choice remains the single most important factor
in maximising wheat yields. The CIMMYT, together with
national wheat programs, operates the Elite Spring Wheat
Yield Trial (ESWYT) comprising newly developed high-
yielding, disease, and climate resilient wheat germplasm
for optimal environments. All countries in South Asia—
including Afghanistan, where wheat is the fundamental sta-
ple food—participate in this wide international wheat testing
network.

Wheat is the most important food crop in Afghanistan
with an average annual per capita wheat consumption of
over 160 kg, against a global average of 65 kg (FAO, 2013).
In Afghanistan, approximately 54% of the population lives
below the poverty line (ADB, 2020) and wheat accounts for
up to 60% of the calorific intake of an average Afghan (Chabot
& Dorosh, 2007). Wheat is grown on over 2.5 million ha in
Afghanistan, occupying 80% of the total cereal acreage, and
producing 4.5 to 5 million t of wheat per year. Environmental,
climatic, and topographical conditions for wheat production
vary from a 300 m elevation in the northern Amu river basin to
2,500 m asl in the central highlands. Rainfed wheat accounts
for about half of the acreage; however, its contribution to total
production is low, ranging from 10 to 30% (APR, 2012). Irri-
gated environments more reliably contribute to Afghan wheat
production, although water deficit and biotic stresses remain
a major challenge.

Between 2007 and 2020, data from ESWYT trials has con-
tributed to the release of eight high yielding wheat cultivars
in Afghanistan (Obaidi et al., 2011, 2014, 2015; Soofizada
et al., 2018). Recent work by Dreisigacker et al. (2019) sur-
veyed wheat cultivars grown on 560 farms in Afghanistan, and
used DNA fingerprinting to demonstrate that 74% of farmers
were growing cultivars released after 2000, indicating a gen-
eral trend away from landraces.

World food demand is growing. New wheat cultivars must
have higher yield potential, tolerance to warmer tempera-
tures, improved water use efficiency and drought tolerance,
and a wide spectrum of disease resistances. Thus, assessing
genetic gain in wheat production is of fundamental impor-
tance for monitoring breeding progress. Graybosch and Peter-
son (2010) estimated genetic gain of 0.86 to 1.28% per year
over a 50-yr period in two sets of wheat yield trials from
the Great Plains of North America. The CIMMYT Global
Wheat Breeding Program has periodically monitored the
genetic gain of its global wheat improvement programs. This
has provided extensive evidence documenting the genetic
gain delivered across both selection and target environments
(Crespo-Herrera et al., 2017, 2018, 2021; Dreisigacker et al.,
2019; Gerard et al., 2020; Lopes et al., 2012; Manes et al.,

Core Ideas

* Genetic gain for yield shows an increase over a 14-
yr period, contributing to food security.

* The top performing material in annual nurseries
shows increased gain in comparison to checks.

* Adaptive traits also show changes over time indi-
cating fine-tuning to agri-environments.

2012; Mondal et al., 2020; Sharma et al., 2012). In this
study, we analyzed multi-environment grain yield (GY) per-
formance and adaptive trait data generated for ESWYT trials
in Afghanistan from 2002 to 2016 to quantify genetic gain
over time.

2 | MATERIALS AND METHODS

2.1 | Phenotypic data

This study used data from ESWYT trials conducted in the
2002-2003 to 2015-2016 wheat growing seasons through-
out Afghanistan. The ESWYT is a replicated yield trial con-
taining new elite spring bread wheat germplasm developed
by CIMMYT, and adapted to optimally irrigated, low rain-
fall areas (Crespo-Herrera et al., 2017). The trial generally
contains 50 elite lines selected with data from 2 to 3 yr of
yield testing under optimum and stress conditions in Ciu-
dad Obregén, Mexico, as well as data from multiple disease
resistance screens, and end-use quality assays. New lines are
included annually in each ESWYT trial, providing new elite
germplasm for multilocation testing. The 14-yr set analyzed
in this study represents approximately 700 unique entries. The
ESWYT trials include —three to four CIMMYT checks and a
local check (LC), which is generally the top performing com-
mercial cultivar in the testing region. The CIMMYT checks
(three to four selected based on stable performance in previous
international trials rather than for performance in Afghanistan
per se) are updated every few years with overlaps maintained
between years (and replaced one at a time to ensure overlap).
The analysis included 192 ESWYT trials conducted across 69
site X year combinations. The trials were distributed through-
out wheat producing regions (Supplementary Table S1). The
ESWYT trials were sown in an a-lattice experimental design
with two replicates, following locally recommended agro-
nomic practices in all years. Each entry was sown in six rows
of 5-m length at a row-to-row spacing of 20 cm. A fertilizer
dose of 120 kg nitrogen and 60 kg phosphorus was applied to
all trials. Only trials with complete data for GY (t ha™!), days
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to heading (number of days from planting; DTH) and plant
height (PTH; cm) were used in the analysis and interpreta-
tion. The datasets were screened to remove outliers, assess the
normality of distribution for continuous traits and to calculate
trial CVs and heritabilities. The correlations between the three
measured traits (GY, DTH, PTH) were also calculated.

2.2 | Statistical analysis

First, we calculated the best linear unbiased estimate (BLUE)
and the best linear unbiased prediction (BLUP) values and
used Meta Analysis with R to compute the broad-sense
heritability (repeatability) and genetic correlation matrices
through a combined analysis of the evaluated lines across sites
(Alvarado et al., 2020).

For BLUESs estimation, the following linear mixed model
was used:

Y= n+S,+R;(S)+SB, (S R;)

I

+Gl +Sl XGI+8fjkl (1)

where p is the general mean, .S, is the fixed effects of the sites
(i =1,...,8), R;(S;) is the random effects of the replicates
(j = 1, 2) within sites (environment), assumed to be indepen-
dently and identically normally distributed (IID) with mean
zero and variance Gzr(s), SB(S; R)) is the random effects
of the sub-blocks (k = 1,...,10) within sites and replicates,
assumed to be IID with a mean of zero and the variance
stb(r 5> G 1s the fixed effect of the wheat lines (/ = 1....,50),
and S; X G is the line by site interaction. The term ¢, is
a random residual associated to the /th wheat line, in the
kth sub-block of the jth replicate of the ith site and assumed
to be IID with a mean of zero and the variance o”,. The
model computing the BLUPs was the same as the model
of Equation 1, with the lines now considered as random
effects.

The broad-sense heritability was calculated according to
Equation 2:

o2

H? = £ 2
Gé + Gée/nloc + 02/ (nloc X nrep) @

2 2 2 o
2 Oger and o, are the genotype, genotype by site inter-

action and the error variance components, respectively, and
nloc and nrep are the number of sites and number of repli-
cates, respectively. The genetic correlation matrices among
sites were calculated using equations from Cooper and Delacy

(1994): p ep; Where Pp, is the phenotypic correlation
= by

among sites i, and /' and h; and h; are the square roots of

the sites i and 7, respectively.

where ¢
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FIGURE 1 Overall increase in grain yield in Elite Spring Wheat

Yield Trial trials grown across Afghanistan over a 14 yr trialling
period. The yield increase was observed for both the mean performance
and top 10 lines per trial (R> = 0.45; P < .05). GY, grain yield

2.3 | Computing genetic gains based on best
yielding lines compared to LCs

Genetic gains for GY, DTH, and PTH were calculated by
regressing the BLUEs of all lines in the ESWYT on the year of
testing. Genetic gain was also calculated (a) with the BLUES
of all lines across all sites in one particular year, (b) with the
BLUES of only the 5 and 10 highest yielding lines recorded
in each year, and (c) with the mean of all lines in each year.

In addition, the BLUEs were expressed as percent of the
LCs (GYplc), calculated as in Equation 3 as a ratio:

GYplc = (BLUEs/Mean LC) x 100, 3)

where BLUESs represents the estimated GY value of a line,
and Mean LC represents the estimated GY mean of the
LCs. Genetic gain was then calculated using these BLUEs
(expressed as GYplc) (a) across all lines across all sites in one
particular year, (b) with the BLUES of only the 5 and 10 high-
est yielding lines recorded in each year, and (c) with the mean
of all lines in each year.

3 | RESULTS
3.1 | GY performance and genetic gains
increase over time

Significant upward trends were observed for GY over the 14
yr of testing (Table 1), returning a gain of 115 kg ha™! yr~!
with a significant R of 0.44 (Figure 1). The overall mean of
GY performance in the ESWYT over 14 yr was 5.02 tha~! and
ranged from a low of 3.58 t ha™! (2005-2006) to the highest
annual average of 5.97 t ha~! in 2008—09 (Table 1). The geno-
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FIGURE 2 Increasing grain yield over time as a percentage of

local checks for (a) the full Elite Spring Wheat Yield Trial set
(R* = 0.40, P < .005) and (b) the top ten performing lines (R*> = 0.66,
P < .05) in each set. GY, grain yield

types tested varied significantly in 6 of the 14 yr tested, and
there was no clear trend in genetic variance over time. Geno-
types interacted significantly with location in 9 of the 14 yr
analyzed (Table 1). Grain yield heritabilities of 0.37 or higher
were observed in 6 of the 14 yr, with the highest heritability
(0.62) observed for 2011-2012. Low GY heritabilities (0.05
or less) were observed in 3 of the 14 yr tested (Table 1).

For the top 10 genotypes in the ESWYT sets, the annual rate
of yield gain was 2.7%, representing a gain of 123 kg ha!yr~!
(Figure 1). The slope of the regression was highly significant
(p < .01; R?> = 0.44). To assess genetic gains for GY over
time, we calculated both the per se performance, as well as
how the selected group of genotypes performed in relation to
local and/or CIMMYT checks. The latter criterion was used
as expressing genotype performance relative to a check’s per-
formance is a more accurate representation of performance
improvement over time compared with performance per se.

We also analyzed genetic gains for GY against the perfor-
mance of LCs as this is the major criterion for varietal reg-
istration and release. Compared with LCs, the mean of all
genotypes showed a yield gain of 3.85% (Figure 2a) from
2002 to 2015, which translated to 118 kg ha™! yr~!. The LCs
also showed a yield gain of 107 kg ha! yr~! during the same
period. The top 10 genotypes brought in a yield gain of 3.88%
(Figure 2b), which was 120 kg/ha/yr compared with 103 kg
ha™! yr! of LC. The increase in performance of the top 5%

cropscience NIE

of ESWYT genotypes was 124 kg ha™! yr~! compared with
103 kg ha! yr~! for LCs, and 125 kg ha™! yr! for CIMMYT
checks (which are selected based on performance in inter-
national trials and therefore generally better performing than
LCs).

3.2 | Adaptive traits show changes over time

There was significant within-year variation for DTH amongst
the ESWYT genotypes in all years, except for 2002—2003
for which no data was available. Days to heading ranged from
99 to 133 ds, with a mean value of 116 d (Table 2). Signifi-
cant genotype X location interactions were also detected in
all 14 yr. The trial heritability for this trait exceeded 62%
in 12 of the 14 yr, and in 6 yr the DTH heritability was
80% or higher. Overall, DTH declined significantly over time
(R?> =—-0.45)by 1.82 d yr~! compared with the ESWYT mean
(Figure 3a).

Significant differences were also observed for PTH in 10
of the 14 yr of testing (Table 3), with no data available for 3
yr (2005-2006, 20132014, or 2015-2016). However, geno-
types interacted significantly with locations in 11 of the 14
yr. Seven of the 14 yr had PH heritabilities of 75% or more,
however 2 yr had very low heritabilities of 0.21 or less.

Contrary to DTH, mean PTH increased over time at the rate
of 0.74 cm yr~! (Figure 3b). The mean correlations between
all three of the analyzed traits (GY, DTH, PTH) and their sig-
nificance values are given in Supplementary Table S2. Grain
yield was positively correlated with PHT in 8 yr with a mean
value of 0.05, whereas GY had a positive correlation with
DTH in 9 yr with a slightly higher mean positive correlation
of 0.10. Plant height and DTH had the highest mean positive
correlation of 0.24, with a negative trait correlation recorded
in only 1 yr.

4 | DISCUSSION

Afghanistan is a regular wheat importer owing to deficient
domestic wheat production. In the absence of strong local
wheat breeding programs, the release and widespread cultiva-
tion of improved spring wheat cultivars is reliant on improved
germplasm from international programs, such as CIMMYT.
It is therefore important to monitor and quantify the genetic
progress of CIMMYT germplasm introduced to Afghanistan,
and its potential to be released there as new cultivars. Peri-
odic estimation of local yield gains is also a measure in deter-
mining effectiveness of CIMMYT’s delivery of improved
material tailored to diverse production environments. This
is becoming increasingly important given climatic instability
and increasing threats of diseases, including rapidly evolving
wheat rusts (Obaidi et al., 2011).
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Over 14 yr, days to heading reduced by 1.82 d yr™! (a) although did not decrease relative to local checks (b). Plant height increased

by 0.74 cm yr~! (c) although the increase relative to checks over the same time period was lower (d). DTH, days to heading; PHT, plant height

Several approaches have been employed to estimate genetic
gains for GY. Generally, the choice of a method depends on
factors such as available computational and data resources, the
structure of the dataset/s and the study objectives (Rutkoski,
2018). In this study, we estimated the rate of breeding progress
through introduction of elite genotypes from CIMMYT’s
international ESWYT evaluated over 14 yr across multiple
environments in Afghanistan. The yield gain was calculated
both as mean progress per se and the progress for the top
five and ten genotypes as compared to the local and/or CIM-
MYT checks. The checks are used to address the question as
to whether observed gains have arisen only from changes in
disease resistance. The LCs used by the co-operators are the
best resistant cultivars available in the region and are updated
over time (Singh et al., 2007). This ensures that comparisons
are appropriate to identify superior yielding genotypes with
disease resistances that have potential to be released and find
farmer acceptance in the region.

In this study, the trends observed in yield gains were consis-
tent, exhibiting highly significant (p < .01) regression slopes
and genetic gain of over 2.7%, and over 110 kg ha™! yr! or
more in absolute values under all the analyzed scenarios. This
finding is in line with previous reports of yield gains over
time for CIMMYT germplasm in other parts of the world
(Crespo- Herrera et al., 2017; Gerard et al., 2020). Crespo-
Herrera et al. (2017), Lopes et al. (2012), Sayre et al. (1997),
and Sharma et al. (2012) reported yield gains of 90.1 kg ha™!
yr~! and 28.7 kg ha™! yr~! compared with the CIMMYT culti-
var ‘Attila’ and LCs, respectively, from 8 yr of ESWYT across
426 locations. Specific to mega environments, Rajaram et al.

(1993) reported yield gains of 102.7 kg ha!' yr~! and 46.65 kg
ha™! yr! compared with CIMMYT and LCs, respectively.
More recently, Crespo-Herrera et al. (2021) reported GY gains
in India of 118 kg ha~! yr~! for the optimally irrigated North-
Western Plains Zone; 46 kg ha™! yr~! for optimally irrigated,
heat-stressed North-Eastern Plains Zone; and a high of 123 kg
ha™! yr! for the drought-stressed Central-Peninsular Zone.
The CIMMYT’s High Rainfall Wheat Yield Trial was also
shown to confer relatively variable GY gains across 239 inter-
national testing locations (Gerard et al., 2020). In high-rainfall
environments, the annual GY genetic gain per se was 160 kg
ha™! yr-! and only 65.1 kg ha™! yr~! compared with the LC.
The gains in low-rainfall environments were 40 kg ha~! yr~!
for GY gain per se and 33.1 kg ha™! yr~! compared with the
LC, respectively. In the present study, results segregated on
the basis of production zones in Afghanistan could not be
recorded as a repeatable delineation of Afghan wheat acreage
is yet to be undertaken but should be investigated further in
future.

In comparison with yield gains reported in other parts of
the world, Thomas and Graf (2014) reported an increase of
1.4% yr~! in on-farm yields in Manitoba, Canada. Hochman
et al. (2017) reported closure of yield gaps in Australia cre-
ated by decline of water limited yield potential over 25 yr
with gains achieved by technology which led to an increase
in relative yield from 39% in 1990 to 55% in 2015. They
attributed this decline to reduced rainfall and rising tem-
peratures while elevated CO, prevented a further 4% loss.
The Hochman et al. (2017) study however, demonstrated
technology overcoming climate driven challenges and still
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contributing to gains. Another Australian study (Robertson
et al., 2016), also cautioned against up to 10% reduction in
crop yield potential due to negative impact of climate change.
Our study also revealed adaptive changes in ESWYT geno-
types over time, reflecting CIMMYT’s progress in breed-
ing for phenological and plant architecture that are produc-
tive in low rainfall and irrigated environments, such as those
in Afghanistan. Understanding how key associated adaptive
characteristics change with gains in yield provides insight to
potentially guide future breeding efforts (Yao et al., 2019).
Across the ESWSYT sets, there was a 1.8 d per year reduc-
tion in DTH (Figure 3a). No decrease was observed relative to
LCs, indicating a similar trend in reduced duration in Afghan
cultivars (Figure 3b). Taken together with GY increases, this
demonstrates that despite modest reductions in crop duration
(DTH), yield gains were not compromised. Crop durations
in many parts of the world will be reduced due to climate-
associated stresses (Tanaka et al., 2015), particularly late sea-
son heat that impacts final grain quality (Barrero et al., 2020).
However, further work is required to understand the actual
impact of a 1-2 reduction in DTH and the mitigation of late
season (as well as mid-season) stress response. Shorter crop
duration may also become increasingly useful to farmers in
Afghanistan from the viewpoint of improving crop produc-
tion logistics (Sheehan & Bentley, 2020).

In contrast to a decrease in the number of DTH, PTH
showed an increase of 0.74 cm yr~!, using means for all
genotypes (Figure 3c), and of 0.77 cm yr~! for the top ten
genotypes. Although a negative correlation between PTH and
GY has been reported (Akin et al., 2017; Beche et al., 2014;
Yao et al., 2019), this study shows that despite increasing
PTH, yield gains continued to increase. Interestingly, the PTH
increase was less marked when compared to the LC over
the same time period (Figure 3d), indicating that height has
increased across wheat germplasm in Afghanistan over the
study time period. Increased PTH is often an indicator of
higher biomass, which drives higher yield provided lodging
tolerance is simultaneously maintained. Wu et al. (2014) ana-
lyzed 65 yr of data and suggested that further improvement in
the yield potential of wheat would need to involve increasing
biomass. Higher biomass is also required in many developing
countries, including Afghanistan, to produce straw as a sec-
ondary product used as dry fodder feed for livestock although
it is not currently a primary selection target in the ESWYT
germplasm.

Earlier studies have shown that CIMMYT’s major wheat
selection and testing location in Ciudad Obregén, Mexico, is
correlated to a variable extent with other sites in the south-
ern United States, Middle East, North Africa, southern Africa,
and Indian subcontinent where wheat is grown (Braun et al.,
1992). Trethowan et al. (2001, 2003) reported clusters of sim-
ilar performing testing sites located in Mexico, South Amer-
ica, Africa, and South Asia. Lillemo et al. (2005) used CIM-
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MYT’s High Temperature Wheat Yield Trial to predict perfor-
mance in similarly stressed locations across continents. The
study reported good ability of data generated from a Jan-
uary planting date in Obregon, Mexico to predict yield per-
formance in many heat-stressed environments. Our results
indirectly support these findings as the top five genotypes at
Afghan locations and CIMMYT checks returned similar yield
gains of 124 and 125 kg ha™! yr~! for the 14-yr period cov-
ered by this study. The CIMMYT checks are superior geno-
types selected based on their recent international performance
(and are generally released as cultivars elsewhere) and the top
five genotypes from current trials showed comparable gains.
Also, genotypes within each ESWYT set performed consis-
tently across Afghan testing sites as evidenced by high trial
heritabilities. This is also evidenced by the fact that at present
more than 80% of wheat seed produced in Afghanistan can
be traced back to CIMMYT origin varieties (MAIL, 2019),
which has also been confirmed by DNA fingerprinting (Dresi-
gacker et al., 2019).

Our study shows continual increases in genetic gains from
CIMMYT ESWYT material trialled across Afghanistan over
a 14-yr period. This demonstrates the potential of genetically
improved germplasm to increase yields, resistance to diseases,
and other adaptive traits. Our study makes a case for contin-
ued investment in plant breeding and for the collaboration in
germplasm evaluation for release in Afghanistan. A continued
collaboration is expected to further enhance wheat production
and productivity, support the country to reduce its dependence
on wheat imports, and ensure future food and nutrition secu-
rity in Afghanistan.
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