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Genetic Gain Over 30 Years of Spring Wheat
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ABSTRACT

Wheat (Triticum aestivum L.) is one of the most
important crops in the world. Brazil is one of
the largest importers of this cereal, and wheat
breeding programs are attempting to increase
productivity and reduce external dependence.
The objectives of this study were to quantify
the spring wheat genetic gain in Brazil between
1984 and 2014 using data from multienviron-
ment trials, and to verify if the genetic gain
stagnated after the 2000s. This study used a
highly unbalanced dataset containing grain
yield (GY) data from 187 spring wheat trials
that were performed at 25 locations between
2002 and 2015. In total, 126 cultivars, released
between 1985 and 2014, were evaluated over 14
crop seasons. The cultivar evaluation indicated
that there was a genetic gain in GY of 33.9 kg
ha=' yr' (r* = 0.53, P < 0.01), which represents
an increase of 1.28% yr'. The dataset showed
a linear regression for the genetic gain and indi-
cates that wheat genetic gain has not stagnated
in Brazil after the 2000s.
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NNUAL wheat (Triticum aestivum L.) production in Brazil is

~6 Tg (CONAB, 2017). This production is insufficient to
meet the Brazilian demand and makes Brazil one of the main
importers of wheat. The southern region, formed by the states
of Rio Grande do Sul, Santa Catarina, and Paran3i, is the main
wheat producing region and accounts for ~90% of the wheat
production in Brazil (CONAB, 2017).

Estimates indicate that the world population will reach
9 billion by 2050 (Godfray et al., 2010). Therefore, food produc-
tion will need to double to meet demand and to avoid a generalized
increase in food prices (Tweeten and Thompson, 2008). To reach
this goal, the main agricultural crops (i.e., maize [Zea mays L.,
wheat, rice [Oryza sativa L.], and soybean [Glycine max (L.) Merr.;
Ray et al., 2013) will have to show a 2.4% annual increase in
production. This can be achieved by increasing productivity or
the land area devoted to cultivation. However, increasing the
cultivated area is obstructed by challenges, such as the lack of new
arable areas, and the loss of productive areas due to degradation
and climate change (Gibbs et al., 2010; Lal, 2015).
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Increases in productivity are the result of two major
components: environmental improvement and genetic
gain (Xiao and Tao, 2014). Environmental improvement
(including agronomic practices) leads to a better environ-
ment, in which the crop is more likely to reach its productive
potential. Environment improvement includes providing
adequate fertility, an adequate water supply, and eliminating
other biotic and abiotic constraint factors (Bell et al., 1995;
Laidig et al., 2014). Genetic gain can be defined as the increase
in performance that is achieved annually through genetic
improvement after the environmental eftect is excluded (Xu
et al., 2017). This means that a new genetically improved
cultivar should provide higher yields than older ones when
grown under the same environmental conditions.

Wheat crop genetic gains vary among producing
regions. Previous comprehensive studies (with a large
number of genotypes and sites) showed that there was an
annual genetic gain of 0.8% in the United States between
1980 and 2010 (Graybosch et al., 2014), 1.29% in China
from 1950 to 2015 (Qin et al., 2015), 1.17% in Argen-
tina from 1940 to 1999 (Lo Valvo et al., 2018), and 0.88%
in Spain for cultivars released between 1930 and 2000
(Sanchez-Garcia et al., 2013). Morgounov et al. (2010)
also reported an annual genetic gain of 0.7% yr~! over
100 yr of wheat genetic improvement in western Siberia,
and Aisawi et al. (2015) reported an annual genetic gain
of 0.59% (30 kg ha™' yr™) after analyzing the data from
International Maize and Wheat Improvement Center
(CIMMYT) cultivars released between 1966 and 20009.
Ray et al. (2013) reported a 0.9% of global annual genetic
gain for wheat crops. However, these improvements
are considerably smaller than those needed to meet the
demand for food in the mid-21st century.

Stagnation of genetic gains obtained through breeding
has been reported for the main crops, such as rice (Peng
et al., 1999, 2010; Cassman et al., 2003; Li et al., 2016),
maize (Hawkins et al., 2013; Li et al., 2016), and wheat.
In wheat, a trend towards the stagnation of genetic gains
has been reported in several producing regions. Lo Valvo
et al. (2018) indicated that Argentine cultivars released
after 1999 achieved a genetic gain of only 14 kg ha™! yr™!
(0.18% yr"). A genetic gain plateau was also observed by
Graybosch and Peterson (2010), who reported that gains
stagnated in the Great Plains region of the United States
between 1984 and 2008. Furthermore, Matus et al. (2012)
showed that in Chile, genetic gains stagnated in cultivars
released between 1990 and 2000, and Brisson et al. (2010)
reported that the genetic gain in France was counterbal-
anced after the 1990s by climate changes, especially heat
stress. In this context, it is of fundamental importance
to evaluate genetic progress so that new processes and
breeding techniques can be adopted that anticipate future
demands, protect and continue income gains, and ensure
food security over the next decades.

In Brazil, some studies have evaluated the genetic gain
in wheat. These studies used different methodologies to
analyze the genetic improvement, covered different periods
of wheat improvement, focused on different regions, and
produced results that were significantly different. Follmann
etal. (2017) observed an average genetic gain of 2.86% yr~!
using data from cultivars that were released after 1980 and
evaluated for 12 yr (2002 to 2013). Beche et al. (2014b) used
data from cultivars that had been released from the begin-
ning of wheat improvement in Brazil (1940) until 2009,
and they observed genetic gains of 29 kg ha™' yr™! (0.92%
yr ). However, they did not find any significant genetic
gains when cultivars released between 1999 and 2009 were
evaluated. Other studies have reported intermediate values
between these extremes. For example, Rodrigues et al.
(2007) reported gains of 44.9 kg ha™ yr! (1.54% yr™!) for
cultivars released in the southern region of Brazil between
1940 and 1992, whereas Cargnin et al. (2009) obtained
values of 37 kg ha™ yr™! for cultivars released in the central
region of Brazil between 1976 and 2005.

Previous studies that evaluated genetic wheat gains in
Brazil used cultivars released across difterent decades in trials
with one or a few evaluation locations (Rodrigues et al.,
2007; Cargnin et al., 2009; Beche et al., 2014b). In contrast,
Follmann et al. (2017) used data from multienvironment
trials (METs) and performed a meta-analysis (Breseghello
et al., 2011). All these studies used the “cultivar substitu-
tion” methodology proposed in the influential study by
Vencovsky et al. (1988), based on generalized minimum
squares. The genetic gain is estimated every 2 yr by linear
regression, which means that the genetic gain is obtained
from the gross difference between 2 yr minus the environ-
mental difference (Vencovsky et al.,, 1988). Subsequently,
the genetic gain for the whole period is obtained from the
general average of the biennial values.

Studies using MET data are generally unbalanced due
to cultivar substitution and breeding processes (Piepho and
Mohring, 2005; So and Edwards, 2011; Yan, 2015). This
configuration of data makes mixed models more robust
than fixed models (Piepho and Mdohring, 2006; Burguefio
et al., 2011; So and Edwards, 2011). An estimation of the
variance components in mixed models that use MET data
can be obtained using the restricted maximum likelihood
method (REML) (Piepho and Mohring, 2006; So and
Edwards, 2011). Another option is the minimum norm
quadratic unbiased estimation (MINQUE) (Rao, 1971),
which when integrated with the jackknife method has
lower computational requirements than other methods
(Wu et al., 2010). The evaluation of MET data using
linear mixed models produces more reliable estimates of
genetic gain (de la Vega et al., 2007). The objectives of
this study were to quantify the genetic gain for spring
wheat in Brazil between 1985 and 2014 using METs, and
to verify genetic gain stagnation in Brazil after the 2000s.
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MATERIALS AND METHODS
Study Region

The trials were conducted in the southern region of Brazil
between 2002 and 2015. Twenty-five trial locations were
distributed among the three states within this region. There
were 21 in Rio Grande do Sul, three in Santa Catarina, and
one in Parana (Table 1). These three states account for ~90%
of Brazilian wheat production (CONAB, 2017). In some years,
the Cruz Alta and Passo Fundo locations contained more than
one trial because these locations represent two of the main
wheat producing regions of the country, and several wheat
breeding companies are located there. In this study, the position
of the trials varied at the same location in each year. However,
in each year, the trial was installed in an area that represents the
location. A description of the test locations, geographic coor-
dinates (latitude, longitude, and altitude), number of trials, and
the number of years in which trials were conducted at a given
location are shown in Table 1.

Dataset and Evaluated Cultivars

A dataset containing 187 spring wheat trials was used to estimate
the genetic gain for grain yield (GY). In total, 126 Brazilian
spring wheat cultivars, released between 1985 and 2014, were

evaluated between 2002 and 2015 (Table 2). Different culti-
vars were used each year because new cultivars were released,
and old cultivars were excluded from the trials. The number of
entries evaluated each year was limited to 30 to 35 cultivars.
The cultivars evaluated in the trials for a given year met two
main criteria: (i) cultivars had been released up to 2 yr prior
to the implementation of the trials, and (ii) the trials included
previously released cultivars that had the greatest seed market
shares in the previous crop season.

All cultivars evaluated during the 14 yr of trials, with their
respective years of release, breeding company, and number of
years in the trials, are shown in Supplemental Table S1. The
same cultivars were grown at all locations in each year. Across
years, genotypes were substituted with newly released cultivars,
and no single cultivar was grown throughout the 14 growing
seasons. This resulted in highly unbalanced datasets (Table 2).
For example, 34 cultivars were evaluated in the 2002 trials, but
only 20 of these 34 cultivars were present in the 2003 trials
and 11 new cultivars entered the trials. Furthermore, 30 culti-
vars were evaluated in 2010, but only one of those cultivars
was trialed in 2002. The number of cultivars evaluated every
year varied between 29 and 37, and the number of trials varied
between 5 (2002) and 23 (2014).

Table 1. Locations used in cultivar evaluation trials from 2002 to 2015, geographic coordinates (latitude, longitude, and altitude),
total number of trials in a location, and years where trials were conducted in a location.

No. of trials
Location Latitude Long Altitude (total) Years of evaluation
m
Abelardo Luz, Santa Catarina 26°33' S 52°19’ W 778 5 2009-2012, 2014
Augusto Pestana, Rio Grande do Sul 28°31’ S 53°59' W 367 5 2011-2015
Cachoeira do Sul, Rio Grande do Sul 30°02' S 52°53"' W 63 2 2002, 2006
Campos Novos, Santa Catarina 27°24' S 51°13' W 934 6 2009-2012, 2014-2015
Casca, Rio Grande do Sul 28°33' S 51°68" W 615 1 2014
Caxias do Sul, Rio Grande do Sul 29°10’ S 51°10’ W 785 2 2013-2014
Chapeco, Santa Catarina 27°06' S 52°36' W 667 6 2009-2012, 2014-2015
Coxilha, Rio Grande do Sul 28°07' S 52°17" W 699 13 2002-2011, 2013-2015
Cruz Altat, Rio Grande do Sul 28°38' S 53°36" W 477 21 2002-2008, 2004 (2)F, 2005-2010, 2011- 2012 (2),
2013-2014 (3), 2015
Eldorado do Sul, Rio Grande do Sul 29°59’ S 51°18’ W 24 9 2003-2006, 2008, 2012-2015
Encruzilhada do Sul, Rio Grande do Sul 30°32' S 52°31"' W 426 1 2004
Girua, Rio Grande do Sul 28°01’ S 54°21" W 431 2 2004-2005
Guarapuava, Parana 25°03' S 51°27' W 1116 7 2007-2009, 2011, 2012, 2014, 2015
ljui, Rio Grande do Sul 28°23' S 53954/ \W 323 6 2006-2008, 2010, 2014-2015
Independéncia, Rio Grande do Sul 27°49' S 54°11/' W 382 2 2012-2013
Julio de Castilhos, Rio Grande do Sul 29°13’ S 53°40" W 528 8 2006-2012, 2014
Nao-Me-Toque, Rio Grande do Sul 28°27' S 52°49' W 520 9 2005, 2007-2014
Passo Fundo*, Rio Grande do Sul 28°15' S 52024/ W 679 22 2004-2005 (2), 2006, 2007-2014 (2), 2015
Pelotas, Rio Grande do Sul 31946’ S 52°20"' W 14 4 2004-2006, 2009
Sao Luiz Gonzaga, Rio Grande do Sul 28°24/ S 54°57" W 263 ik 2002-2004, 2007-2012, 2014-2015
Santo Augusto, Rio Grande do Sul 27°51’ S 53°46’ W 532 10 2004-2010, 2013-2015
Sao Borja, Rio Grande do Sul 28°39’ S 56°00" W 81 10 2004-2006, 2009-2015
Sertéo, Rio Grande do Sul 27°58' S 52°15" W 743 6 2010-2015
Trés de Maio, Rio Grande do Sul 27°46' S 54°14/ W 344 5 2009-2011, 2014-2015
Vacaria, Rio Grande do Sul 28°0’ S 50°56' W 961 14 2002-2015

1 Many wheat breeding companies are located in Cruz Alta and Passo Fundo. In this way, in some years, these locations received more than one trial. The trials differed in
terms of sowing time and number of fungicide applications (i.e., the applications were carried out whenever necessary). Thus, in years in which the environment favored the

appearance of diseases, the number of applications was greater.

I Values in parentheses indicate that more than one trial was conducted in this location in this year.
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Table 2. Number of Brazilian spring wheat cultivars common across years in the trial dataset (diagonal entries are numbers of
cultivars for individual years), number of trials per year, and mean grain yield.

Year 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015
2002 34

2003 20 31

2004 15 18 35

2005 11 14 30 37

2006 7 10 22 28 33

2007 6 8 20 26 30 35

2008 4 6 15 21 24 29 29

2009 4 4 12 18 22 24 23 35

2010 1 1 5 8 12 14 13 25 30

2011 0 0 1 1 3 3 3 9 16 30

2012 0 0 0 0 3 3 3 7 13 26 32

2013 0 0 0 0 2 2 2 7 9 18 25 30

2014 0 0 0 0 1 1 1 5 8 14 18 22 30

2015 0 0 0 0 0 0 0 3 5 11 14 17 24 30
No. of trials 5 5 13 1 1 i 12 16 16 17 17 15 23 15
per year

Mean grain 2.737 3.272 3.247 3.118 3.129 2.949 3132 3.724 3.945 4768 3.488 4.860 3.469 3.362
yield (t ha ")t

T Across the entire dataset, average grain yield was 3.514 t ha™".

Experimental Design and Plot Management
Seed sowing occurred between 15 May and 15 June every year
and followed the technical recommendations for each location.
A randomized complete block design with three replications was
used. The five-row plots were 5 m in length with an inter-row
spacing of 0.20 m, spanning a total plot area of 5 m?. Experi-
mental plot seeders were used to sow the crops at a density
of 330 plants m 2. The seeds were treated with imidacloprid
insecticide at a dose of 100 mL 100 kg™' seed. Fungicides were
also applied. The fungicides were commercial products that
contained triazoles and strobilurins. The number of applica-
tions varied from one to three, depending on disease incidence.
Insecticides were also applied, and the number of insecticide
applications and the active ingredient used varied according
to the year and trial. Fertilization and other cultural practices
were performed according to the technical information for the
wheat crop. At harvest, grain moisture was corrected to 13%
and GY was measured in metric tons per hectare.

Statistical Analysis

The linear mixed model used the phenotypic observation Y imn

of cultivar i in the year j, location m, and repetition n. The
equation is as follows:

Yl'}'mn = M + Gi + }/} + Lm + (Y X L)Jm
(1]
—+ (Y X L X B)_;'mn + Bn(]m) + eijmn

where | is the general mean, G, is the aleatory effect of the
genotype, Y, is the year effect, L is the location effect, B,
is the effect of repetition n nested on location m in year j, i
is the residual effect of genotype i on repetition n in year j at
location m. The analysis was performed by the Minque package
(Wu, 2014) using the “lmm.jack” function.

The analysis of the genetic gain using the cultivar substitu-

tion methodology was performed according to Vencovsky et al.

(1988). The significance of the genetic gains for each biennium
was tested according to Storck et al. (2005). A script in R
was developed for this analysis (Supplemental File S2). Both
analyses were performed using R platforms (R Development
Core Team, 2017) and graphical interface RStudio (RStudio
Team, 2016). All figures were obtained using SigmaPlot 11
(Systat Software, 2008).

RESULTS

The variance components were significantly different (P <
0.01) (Table 3). The largest estimated variance components
were the year, location, and year X location interaction
(i.e., environment) effects. The environmental interaction
effect was responsible for 52% of the total variance. The
simple effects of year and location both represented 11.7%
of the total variance. Therefore, the effects related to the
environment accounted for >75% of the total variance. In
contrast with the variance components for environmental
effects, the cultivar variance component was low and only
contributed 6% to the total variance.

The mixed models used to evaluate the 126 Brazilian
spring wheat cultivars released between 1984 and 2014
indicated that there was a genetic gain (GY) of 33.9 kg
ha ! yr! (¥ = 0.53, P < 0.01) (Fig. 1). This represents a
genetic gain of 1.28% yr ..

The analysis of the dataset using the methodology
proposed by Vencovsky et al. (1988) indicated that there
was a genetic gain of 52.6 kg ha™! yr! or an increase of
1.98% yr~' (Table 4). This method evaluates the genetic
gain on a year-by-year basis, which means that extreme
genetic gains can occur. For example, the 2003-2002 and
2014—-2013 biennia recorded genetic gains of 206 and 136
kg ha™!, respectively. In contrast, negative genetic gains
occurred in the 20072006 and 2015-2014 biennia.
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Table 3. Estimation of components of variance, SE, the 2.5% lower limit (2.5% LL) and 97.5% upper limit (97.5% UL) of the
confidence interval, and proportional variance components as a percentage (PVar).

Factor Variance SE 2.5% LL 97.5% UL PVart
Year 0.207** 0.002 0.202 0.213 017
Location 0.208* 0.003 0.197 0.218 0117
Cultivar 0.109* 0.003 0.097 0.120 0.061**
Year x location 0.926* 0.004 0.911 0.941 0.521**
Year x location x repetition 0.016™ 0.001 0.014 0.018 0.009**
Error 0.310** 0.002 0.304 0.316 0.174*

** Significant at the 0.01 probability level.

T PVar was calculated dividing the variance estimated for each component by the total variance. The sum of all components is equal to 1.

The GY increment for the period 2002 to 2014 was
86.2 kg ha™! yr'! when it was estimated by the mixed
models (Fig. 2). This value represented environmental
and agronomic improvements (soil, fertilizers, fungicides,
sowing density, and sowing time), and the genetic gain
itself, which was due to the development of more produc-
tive cultivars. The annual increment was 77.3 kg ha ' yr™
when calculated using the Vencovsky cultivar substitution
method (data not shown).

DISCUSSION

Use of Mixed Models to Assess

the Wheat Genetic Gain Data from
Multienvironment Trials

In the ANOVA, the environmental effects contributed
most to the estimated variance. The greater contribution
of the environmental effects is possibly due to the large
increase in the areas that include the locations used in the
MET. These locations range from Pelotas in the extreme
south of Rio Grande do Sul State to Guarapuava in
Parana State, with altitudes varying from 14 m to 1116 m
asl (Table 1). Similar results for the variance components
were reported by Lopez-Cruz et al. (2015) and Matei et al.
(2017) in their wheat and soybean METs.

104

y =-67.9619 + 0.0339x
R2=0.5322 P<0.01

0.8

0.6 4

0.4 4

0.2

0.0 4

-0.2 1

-0.4

MINQUE values fo gain yield (t ha')

-1.2 T T T T T T T 1
1980 1985 1990 1995 2000 2005 2010 2015 2020

Year

Fig. 1. Values predicted by minimum norm quadratic unbiased
estimation (MINQUE) for the genetic gain for grain yield in 126
Brazilian spring wheat cultivars released between 1985 and 2014.

The genetic gain shown by the dataset analysis was
within the range of results reported by other studies on
wheat crops. Many studies that evaluated winter and
spring wheat reported lower genetic gains (e.g., 0.59% by
Aisawi et al., 2015, at CIMMYT; 0.7% by Morgounov
et al.,, 2010, in Siberia; 0.88% by Sanchez-Garcia et al,,
2013, in Spain; and 1% by Wu et al., 2014, in China). The
lower genetic gains in these studies may be due to high
initial yields. Although there were larger increments in
kilograms per hectare per year than those found in Brazil,
the percentage gain was lower, because the yield in the
initial years of the evaluated series was greater than that
reported in Brazil. An example of this situation was the
genetic gain obtained by Wu et al. (2014) of 66 kg ha™,
which represents a gain of just 1% yr~'. However, Matus
et al. (2012) reported gains of 246 kg ha™! yr™! or 2.6%
yr ! in Chile, which were greater than those reported in
this study. The average wheat GY in Chile was 4200 kg
ha™! between 1965 and 1975 but increased to 10,000 kg
ha™! between 1996 and 1998 (Matus et al., 2012). This
yield increase explains the high genetic gain reported by
these authors. In addition, the use of irrigation may have
contributed to the large genetic gains in Chile.

Analysis of Genetic Gain Using the Cultivar
Substitution Method

Many studies that evaluated genetic gains in wheat in
Brazil used the Vencovsky cultivar substitution method
(Rodrigues et al., 2007; Cargnin et al., 2009; Beche et al.,
2014b; Follmann et al., 2017). The genetic gain obtained
using this method was higher than that obtained from the
linear mixed models (52.6 kg ha™ yr™! or an increase of
1.98% yr"). This value was similar to that obtained by
Follmann et al. (2017), who reported a genetic gain of
61.36 kg ha™! yr! or an increase of 2.86% yr! using the
same methodology. The highest genetic gain values may
be related to the large environmental effect identified in
the variance estimation and the presence of years with a
high percentage of missing data. This methodology can be
appropriate when a set of genotypes released in different
years are tested at one or a few locations, or conducted
in ideal conditions, which minimizes the environmental
effects. However, with METs that have accentuated year
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Table 4. Mean grain yield of trials for evaluation years, number of cultivars (n), mean square error (MSe), number of common
cultivars between biennia (nc), rates of maintained (rm) and substituted (rs) cultivars, genetic gain, and significance of the
hypothesis test (Ho: genetic gain = 0, alpha%) per biennia in multienvironment trials of spring wheat in Brazil according to the
method of cultivar substitution proposed by Vencovsky et al. (1988).

Mean grain Genetic
Year yield n DFet MSe Biennia nc rm rs gain Alpha%
tha % tha™ %

2002 2.737 34 330 0.071074  2003-2002 20 44.44 35.48 0.206127 0
2003 3.272 31 300 0.061807  2004-2003 18 37.5 48.57 0.050457 0.002
2004 3.2467 35 884 0.081781  2005-2004 30 71.43 18.92 0.113387 0
2005 3.118 37 792 0.073569  2006-2005 28 66.67 15.15 0.021202 0.222
2006 3.1292 33 640 0.20631 2007-2006 30 78.95 14.29 -0.01775 99.913
2007 2.9492 35 748 0.081969  2008-2007 29 82.86 0 0.032069 0
2008 3.1324 29 672 0129993  2009-2008 23 56.1 34.29 0.068623 0
2009 3.7236 35 1088 0.145625  2010-2009 23 54.76 23.33 0.017105 2.054
2010 3.9448 30 928 0117342 2011-2010 16 36.36 46.67 0.001854 44.489
2011 4.7683 30 986 0.188222  2012-2011 26 72.22 18.75 0.034239 0
2012 3.4875 32 1054 0.136088  2013-2012 24 63.16 20 0.059215 0
2013 4.8604 30 1305 0.247114  2014-2013 22 57.89 26.67 0.136545 0
2014 3.4689 30 1334 0.11586 2015-2014 22 57.89 26.67 -0.03983 100
2015 3.3618 30 1218 0.132887 Mean 23.92 60.02 25.29 0.0526 0

1 DFe, degrees of freedom of the error.

and location effects, this methodology can be inefficient
and inferior compared with the linear mixed models and
could lead to overestimated or underestimated results.
The genetic gain results obtained using the Vencovsky
cultivar substitution method should be interpreted with
caution, especially when sequential years show highly
contrasting behavior. For example, the conditions in
one year may be favorable for the crop, but those of the
next year may be highly detrimental for normal crop
development, and vice versa. In the first case, a highly
positive genetic gain will be obtained and in the second
case a highly negative genetic gain. This occurred in the
report by Follmann et al. (2017), where the genetic gain
was negative in the biennia 2007-2006, 2010-2009, and

1.2 q
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Fig. 2. Effect of year of conduction of the trials on the increment
of grain yield for spring wheat in Brazil. MINQUE, minimum norm
quadratic unbiased estimation.

2011-2010 for Region 1. The most pronounced event
was observed in two consecutive biennia for Region
1. In 2007-2006, the genetic gain was —76.07 kg ha™',
whereas it was 87.87 kg ha™' in 2008-2007. This indi-
cated that a gain of 163.94 kg ha ! had occurred between
these biennia. It is more plausible that these results were
due to the environmental effect and not genetic gain.
However, the linear mixed model methodology, where
genetic effects are isolated, allows researchers to measure
the genetic gain in both favorable and unfavorable
years. In addition, when homogeneous wheat cultiva-
tion regions in Brazil were considered, Follmann et al.
(2017) found that there was a genetic gain of 4.38% yr™!
for Region 2. In this study, the most extreme examples
occurred in the 2003-2002 and 2014-2013 biennia,
when there were genetic gains of 206 and 136 kg ha™,
respectively. Gains of these sizes could be overestimated
and are not frequently reported, which indicates that the
cultivar substitution methodology may not be reliable
when it is used to analyze MET datasets.

Achieving Genetic Gains and the

Way Forward

Among the 126 evaluated cultivars, some can be consid-
ered as key cultivars contributing to the genetic gain in
spring wheat in Brazil: BR 23 (1987), BRS 177 (1999),
Fundacep 30 (1999), Onix (2001), Quartzo (2007), and
TBIO Toruk (2014). These cultivars were present in many
years of evaluation, exception for TBIO Toruk released
in 2014. These cultivars are parents of many other culti-
vars due their good agronomic performance and industrial
quality: BR 23 is a parent of BRS Guabiju, BRS Louro,
and BRS 208; BRS 177 is a parent of Campeiro, CD
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123, and TEC Triunfo; Fundacep 30 is a parent of LG
Oro, Estrela Atria, TBIO Sinuelo, and TEC 10; Onix
is a parent of Ametista, CD 1440, CD 1550, Esporao,
Estrela Atria, FPS Nitron, Jadeite 11, Mirante, Quartzo,
TBIO Seleto, TBIO SINUELO, TBIO Tibagi, and TEC
Triunfo; Quartzo is a parent of TBIO Iguacu, TBIO
[taipu, TBIO Sintonia, TBIO Sinuelo, TBIO Toruk, and
TBIO Celebra; and TBIO Toruk is a parent of TBIO
Sonic, a cultivar released in 2017.

The genetic gain obtained for the wheat crop in
Brazil can be explained by the increase in traits that
were not directly targeted by selection. The increase in
GY was largely associated with harvest index, number of
grains per square meter, biomass accumulation perfor-
mance, and reduced plant height (Rodrigues et al., 2007;
Beche et al., 2014b). Furthermore, plant breeding indi-
rectly improved the postanthesis chlorophyll content,
pre- and postanthesis stomatal conductance, and the
pre- and postanthesis photosynthetic rate (Beche et al.,
2014b). Further GY improvements in Brazilian wheat,
and consequently in genetic gains, may be achieved by
modeling plant morphology, physiology, and phenology.
Beche et al. (2014b) indicated that increased photo-
synthetic capacity, optimized biomass production, and
maintained lodging resistance are key traits that could be
used to develop more productive cultivars.

The extraction and utilization capacity of the nutrients
supplied to the plants is measured in relation to the nutrient
use efficiency (Baligar and Fageria, 2015). Nitrogen use
efficiency (NUE) results for modern Brazilian wheat culti-
vars show that they use N more efficiently and are more
tolerant of lower N rates than older cultivars. Furthermore,
N uptake and utilization efficiencies are positively associ-
ated with NUE (Beche et al., 2014a). When different N
rates are applied, N remobilization efficiency was shown
to be the main NUE component under both low and
high N fertilization conditions (Todeschini et al., 2016).
Wheat breeding programs should prioritize the selection
of genotypes with higher N uptake, remobilization, and
utilization efficiencies if cultivars that have better NUE
are to be developed (Beche et al., 2014a).

The improvement in wheat GY potential across Brazil
may also be related to changes in growth and develop-
mental phases. Modern cultivars have maintained the
length of the period from seedling emergence to physi-
ological maturity, but have reduced the period between
seedling emergence and anthesis. Therefore, they have a
longer grain-filling period. Specifically, Brazilian breeding
programs have reduced the time to anthesis mainly by
shortening the seedling emergence to double ridge and
double ridge to terminal spikelet phases, whereas simul-
taneously the terminal spikelet to anthesis and anthesis
to physiological maturity phases have been prolonged
(Rodrigues et al., 2007; Beche et al., 2014b, 2018).

Yield Gap and Genetic Gain Stagnation

in Brazilian Wheat Crops

A positive and significant linear regression was obtained
for the genetic gain between 1984 and 2014, which indi-
cated that there was no genetic gain stagnation in Brazilian
wheat after the 2000s. A possible explanation for this result
is the creation of private wheat breeding companies in
Brazil and the consequent increase in competition among
wheat breeding companies. Private companies started their
activities after the approval in Brazil of the Law of Protec-
tion of Cultivars in 1997. Our results contradict Beche et
al. (2014b), who identified stagnation in genetic gain after
the 2000s in Brazil. Several countries and several producing
regions have reported genetic gain stagnation in wheat
(Brisson et al., 2010; Grassini et al., 2013). This stagnation
has been mainly observed in regions where the crop had
high production means (Brisson et al., 2010; Petersen et
al., 2010; Grassini et al., 2013), which led to the formation
of upper plateaus (i.e., stagnation occurs after a period of
linear increases in the genetic gain; Grassini et al., 2013).
The results reported by Beche et al. (2014b) showed that the
stagnation of wheat genetic gain in Brazil was affected by
an upper plateau. Grassini et al. (2013) reported that upper
plateaus occurred in areas that, in total, represented 33% of
global rice production and 27% of global wheat production.

The main environmental factors that contribute to
the increase in GY across Brazil are the no-tillage crop
system and the subsequent improvement in the chemical,
physical, and biological quality of the soils, use of chemical
fertilizers (especially N, P, and K), soil pH correction, use
of fungicides and insecticides, and so on.

The reasons of the yield gap between wheat crops
in Brazil are complex. Climatic and economic aspects
can be cited as the main reasons. Climatic aspects are
related to temperature and hydrological regime, and their
indirect effects on the occurrence of diseases and prehar-
vest sprouting. The economic aspects are related to the
technological level applied to the wheat crop. They are
related to production costs, especially fertilizers, fungi-
cides, and insecticides, and the uncertainty about sale
prices. The climate factors can also include the effects of
the climatic events, such as El Nino and La Nina, which
affect the hydrological regime. In the southern region of
Brazil, El Nifio events cause increased precipitation and
higher temperatures. In contrast, intense La Nina events
can produce severe droughts (Grimm and Tedeschi, 2009;
Abelen et al., 2015; Penalba and Rivera, 2016).

Diseases have a considerable impact on wheat in
Brazil and are one of the most important causes of the
yield gap. The most important diseases in Brazil are
Fusarium head blight (Fusarium graminearum Schwab),
leaf spotting diseases, and wheat blast (Pyricularia oryzae
Cavara), which have the potential to cause yield losses
of up to 70% (Kohli and de Ackermann, 2013; Singh et
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al., 2016). Wheat blast, or brusone, is currently consid-
ered to be the main obstacle to the expansion of wheat
cropping in the Brazilian Cerrado areas (Goulart et al.,
2007; Maciel et al., 2014).

Preharvest sprouting is very common in Brazil and is
caused by rainfall and high temperatures during ripening.
This condition can lead to significant grain damage
(Baranzelli et al., 2018). Damaged grains reduce industrial
quality and the hectoliter mass. Hectoliter mass and GY
are the two variables that are used to remunerate farmers
for wheat production in Brazil.

The genetic gains in Brazil between 1985 and 2014
indicated that the breeding programs efficiently improved
wheat crop yields. However, these gains were not suffi-
cient to achieve the output that research has indicated is
necessary to reach the production demand predicted for
2050. Furthermore, in Brazil, breeding programs also
have the challenge of leading the country to self-suffi-
ciency in wheat production.

CONCLUSIONS

The results of the present study revealed a genetic gain for
spring wheat over the last 30 yr in Brazil of 33.9 kg ha™
yr~!, which represents an increase of 1.28% yr™!, indi-
cating that the breeding programs efficiently improved
wheat crop yields. Furthermore, there is no evidence
that wheat genetic gains stagnated in Brazil at the begin-
ning of the 21st century. Our findings demonstrate that
genetic gains obtained for wheat in Brazil are not sufhi-
cient to achieve the output that research has indicated
as necessary to reach the wheat production demand
predicted for 2050. Brazilian wheat breeding programs
also have the challenge of leading the country to self-
sufficiency in wheat production.
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