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Abstract

Over the past century of maize (Zea mays L.) breeding, grain yield progress has been the result of improvements in
several other intrinsic physiological and morphological traits. In this study, we describe (i) the contribution of kernel
weight (KW) to yield genetic gain across multiple agronomic settings and breeding programs, and (ii) the physiological
bases for improvements in KW for US hybrids. A global-scale literature review concludes that rates of KW improve-
ment in US hybrids were similar to those of other commercial breeding programs but extended over a longer period of
time. There is room for a continued increase of kernel size in maize for most of the genetic materials analysed, but the
trade-off between kernel number and KW poses a challenge for future yield progress. Through phenotypic character-
ization of Pioneer Hi-Bred ERA hybrids in the USA, we determine that improvements in KW have been predominantly
related to an extended kernel-filling duration. Likewise, crop improvement has conferred on modern hybrids greater
KW plasticity, expressed as a better ability to respond to changes in assimilate availability. Our analysis of past trends
and current state of development helps to identify candidate targets for future improvements in maize.
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Introduction

Over the past century, maize (Zea mays L.) grain yields have seen
remarkable increases owing to the combination of breeding
and agronomic management improvements. Because yield is
an extremely complex trait, the determination of yield com-
ponents has been a widely adopted strategy to rationalize this
progress in kernel number (KIN) per unit area and individual

kernel weight (KW). In this sense, the major contribution to
yield improvements has been attributed to the ability to set a
greater KN via tolerance to higher plant density (Tollenaar
and Lee, 2002; Duvick, 2005). Although genotypic variation in
kernel size can be responsible for important variations in maize
yield, much less attention has been directed to the relative

Abbreviations: E, environment; KW, kernel weight; KN, kernel number; M, management; N, nitrogen.
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contribution of KW to yield improvements. Knowledge of
the progress of KW in breeding improvement becomes even
more relevant in light of the existing trade-off between the
two yield components, in which KW is often compensated
by an adjustment in KN (Sadras, 2007; Gambin and Borras,
2010). Certainly, one question to be addressed is whether KW
improvements are necessary to overcome the reciprocity be-
tween both components and achieve future yield increases in
these scenarios (Quintero et al., 2018).

While KW can be interpreted as the result of dry matter
accumulation during the length of the kernel-filling period, it
is a significantly complex trait involving several morpholog-
ical and physiological processes under the combined influence
of genetic and environmental factors. After ovary fertilization,
there is a short period of endosperm cellularization (Leroux
et al., 2014), usually referred to as lag phase, when the po-
tential storage capacity of the kernel is largely determined
(Johnson and Tanner, 1972; Reddy and Daynard, 1983). This
kernel sink capacity is determined overall by the number of
endosperm cells defined during this phase (Jones et al., 1985,
1996). Nonetheless, the potential kernel size has been also as-
sociated with genetic and environmental factors affecting the
floret development and carpel growth before ovary fertiliza-
tion (Scott et al., 1983; Millet and Pinthus, 1984; Calderini et
al.,2001;Yang et al.,2009) and kernel expansion via water up-
take during the linear phase (Martinez-Carrasco and Thorne,
1979; Kiniry, 1988; Borras et al., 2004). After the lag phase,
a period of rapid water uptake and dry matter accumulation
defines the initiation of the linear kernel-filling phase (Ouattar
et al., 1987). Once the maximum water content is achieved,
maximum kernel volume is largely determined (Borris et al.,
2003). However, further increases in kernel volume during the
last part of the linear phase may result at the expense of bio-
mass deposition (Gambin et al., 2007; Sala et al., 2007). Water
content continues to drop during this final phase reflected
by the progression of the milk line towards the tip, and ker-
nels are considered physiologically mature when they achieve
their maximum dry weight (Fernandez and Ciampitti, 2021).
Although variations in these kernel-filling characteristics are
known to be associated with the agronomic conditions and
genotype, their relative contribution to past yield improve-
ments has not been quantified. Understanding the effect of
breeding progress on kernel filling patterns under a variety
of conditions is of fundamental interest to identify candidate
breeding selection mechanisms for future crop improvement.

For US maize germplasms, the long-term genetic gain in
yield has been successtully investigated in past retrospective
studies on Pioneer Hi-Bred International (Corteva Agriscience)
hybrids from the past century (Duvick et al., 2004; Campos
et al., 2006; Cooper et al., 2014; Reyes et al., 2015; DeBruin
et al., 2017). Although these hybrids (usually referred to as
Pioneer ERA hybrids) have been subjected to extensive evalu-
ations of agronomic traits across multiple US production sys-
tems, changes over time in KW and underlying physiological

parameters have received little attention. The objectives of the
current study were to (i) review the contribution of KW to
grain yield improvements during the past century across mul-
tiple agronomic settings and breeding programs, and (i) de-
termine the physiological bases for improvements in KW and
kernel-filling parameters for the set of Pioneer Hi-Bred ERA
hybrids in the USA.

Materials and methods

Systematic review

The article screening procedure is summarized in Supplementary Fig.
S1. Briefly, a literature search was conducted using the Web of Science,
Scopus, and Google Scholar databases (last search on 8 March 2021) using
the following keywords: (grain OR kernel) AND weight AND (historical
OR era OR decades) AND (maize OR corn). A total of 346 research
articles were retrieved, and assessment of duplicates, titles, abstracts, and
full-texts was conducted based on the following: (i) experiments were
carried out under field conditions; (ii) in a given study, two or more
maize cultivars from different decades of commercial release were evalu-
ated; (iii) variable of interest KW and year of release (YOR) of hybrids
were provided; (iv) management information was reported, in particular,
planting density, row spacing, nitrogen (IN) fertilization, water condition,
and source—sink restrictions; and (v) the article was written in English
language. After assessment, a total of 29 published studies were considered
eligible, in addition to the five US Pioneer ERA experimental studies
described in detail below (Supplementary Table S1). In addition to KW,
grain yield and KN variables were extracted when reported. The entire
database includes 824 data points of KW (of which 737 and 749 reported
grain yield and KN, respectively) along with the metadata describing
management practices.

Case studies I: 2017 and 2018 field experiments

Experiments in 2017 and 2018 were performed to study the influence
of rates and timing of N fertilization, water condition, and source—sink
relationships on a smaller subset of three historical hybrids from the US
Pioneer ERA set (Corteva Agriscience, Johnston, IA, US). All experi-
ments (Ashland Bottoms, KS, USA) were described in detail in Fernandez
et al. (2021, 2022b) and main characteristics of the sites are presented in
Supplementary Table S1. Briefly, experiments were planted on 5 May
2017 and 24 April 2018 with plant density adjusted for irrigated (76 000
plants ha™!) and rainfed (61 000 plants ha™") sites. Treatments were assigned
to plots of 64 m? size (four rows at 0.76 cm between rows X 21 m length).

In 2017, both an irrigated and a rainfed site were used as split-plot
designs with three replicates. Pioneer hybrids (Corteva Agriscience) 3394
(1991),P1151 (2011),and P1197 (2014) were assigned to the whole plots
and N treatments as subplots. N treatments consisted of a low N (with
no N applied) and two high+late N treatments (differing in the timing
of the last N application, either at flowering (R, Ritchie et al., (1997) or
blister stage (R,)). For the high+late N, rates were adjusted for N demand
based on yield target for each condition: 56 kg N ha™' at planting; 56
(rainfed) and 112 kg N ha™" (irrigated) at sixth leaf (V;); and 25 (rainfed)
and 50 kg N ha™' (irrigated) as late N at R or R,,.

The experiment in 2018 was carried out in a split-plot design with
three replicates under irrigated conditions. Hybrids 3394 (1991) and
P1197 (2014) were assigned to the whole plots, and combinations of N
fertilization and source—sink treatments (plus a low N negative control)
to the subplots. For N levels, two fertilization approaches were tested
maintaining the final N rate as the preceding year for irrigated conditions
(218 kg N ha™!): high N, split into two applications (50% planting and
50% V); and high+late N, split into three applications (50% at planting,
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20% at Vi, and 30% at 12th leaf (V,)). Three levels of source—sink ratio
were tested: a control without any intervention; a high source—sink ratio
with reduced sink; and a low ratio with reduced source. Reduced sink
treatments were achieved by means of a partially restricted pollination,
covering the ears with a bag when the silks were 2.5 cm long (Rajcan
and Tollenaar, 1999). Reduced source was achieved through partial de-
foliation, removing all leaves above the first node from the ear position
2 weeks after silking. Lastly, a low N (with no N applied) treatment with
normal pollination was added as a negative control.

Case studies Il: 2019 and 2020 field experiments

Field experiments were conducted in 2019 at Manhattan, KS, USA and
in 2019-2020 at Viluco, Chile to characterize changes in KW across
the past century of the Pioneer ERA maize-breeding program. Both
locations were Corteva Agriscience research stations for which infor-
mation on agronomic management is provided in Supplementary Table
S1. Seeds were planted on 5 May 2019 with a plant density of 65 200
plants ha™' (Manhattan) and on 28 October 2019 with a plant density of
100 000 plants ha™" (Viluco). Experiments were conducted under rainfed
(Manhattan) and fully irrigated (Viluco) conditions. Nitrogen fertilizer
was applied at levels to avoid N being a limiting factor and adjusted for
yield target for each condition. The experimental area was kept free of
weeds, pests, and diseases during the growing season.

Twenty hybrids released from 1920 to 2017 were grown in a split-plot
in randomized complete block design with three replications at both
locations. Hybrids were assigned to whole plots of eight rows, 76 cm
apart, and a size of 6 m wide by 5 m long. Subplots consisted of three
micro-plots of 10 adjacent plants (within two rows) delimited to carry
out source—sink manipulation treatments. The three levels of source—sink
ratio were applied following the same procedures described for case
studies I: a control without any intervention, a high source—sink ratio
with reduced sink, and a low ratio with reduced source.

Phenotypic measurements and calculations

In all experiments, phenotypic descriptors for the reproductive phase
were quantified for plants within experimental units (i.e. above 60 tagged
plants per plot). Key developmental stage dates of anthesis (V1) and silk-
ing (R;) were recorded daily for all plants within experimental units. At
silking date for each plot (i.e. at least 50% of the plants had exposed silks)
and physiological maturity (i.e. black layer visible), shoot biomass samples
were taken from an area between 0.5 m? (three plants, 2017-2018) and
0.75 m? (six plants, 2019-2020). Plants were cut at the ground level and
separated in leaves (green leaf blades), stover (stems, leaf sheaths, attached
dead leaves, and tassels), ear (cobs and husks), and grains. All samples were
dried at 65 °C until constant weight. Post-flowering biomass accumula-
tion was calculated as the difference between shoot biomass at R, and R.
Since only biomass at R; was available for all experiments, an estimate for
the post-flowering source—sink ratio was obtained here as the quotient
between the post-flowering biomass accumulation and KIN.

From biomass harvested at physiological maturity, numerical yield
components KN and KW were determined. In 2017-2018 experiments,
a subsample of 500 kernels was counted and weighed separately to esti-
mate final KW. The KN was estimated as the ratio between total grain
biomass harvested at Ry sampling and individual KW.Yield was deter-
mined with a plot combine from the two center rows; harvest area was
corrected in rows where biomass samples were taken. In 2019 and 2020
experiments, grain yield and KN were obtained using the ear-photom-
etry imaging system from Corteva Agriscience on ears harvested at ma-
turity (Hausmann ef al., 2011). The sampled ears were dried and shelled,
and 500 individual kernels were separated to record individual K'W. All
grain yield values reported in this study were adjusted to a standard 150 g
kg™ moisture.

For kernel filling determination, the primary ear of a previously tagged
plant was collected every week per plot, from R, until harvest maturity,
and immediately placed in an airtight plastic bag. In the laboratory, ears
were transferred to a humid chamber at saturating vapor pressure for the
subsequent separation of kernels. Ten (2017-2018) or 15 (2019-2020)
kernels from the central portion of the ear were excised to track changes
in kernel water and dry matter content during the kernel-filling period.
Fresh and, after drying in an oven at 70 °C, dried kernels were weighed
with an Ohaus analytical balance (Ohaus Scale Corp., Florham Park, NJ,
USA) with an error index of 0.1 mg, except for Viluco experiments for
which only dried kernels were weighed. Water content was calculated as
the difference between kernel fresh weight and dry weight.

Statistical analysis

All analyses were conducted using R software version 4.1.1 (R Core
Team, 2021) in R Studio interface (RStudio Team, 2016). A meta-regres-
sion with mixed-effects model was used to estimate the genetic gain in
KW, KN, and grain yield across hybrids’ year of release (function Ime in
nlme package; Pinheiro and Bates, 2000). Standardized response variables
(%) were used in the meta-analysis to objectively compare genetic gain
(% year ") across variables and environments (Curin ef al., 2020):

Actual value — Environmental index

Standardized value = -
Environmental Index a)

where the environmental index represents the mean value for a particular
environment X management (EXM) combination. Studies and combina-
tions of EXM were modeled as random effects to account for differences
between the site-years. Because variance measures information was avail-
able for less than 25% of our dataset, individual data were weighted by the
number of replicates. Non-parametric bootstrapping with replacement
(n=5000) was used to estimate 95% confidence intervals (95% CI) of the
effect sizes for genetic gain using the boot package (Canty and Ripley,
2021). Genetic gains were considered significant if the 95% CI did not
include zero, while differences between groups were assessed based on
the 95% CI of their differences. Between-group heterogeneity was deter-
mined based on the 5000 resampling procedure using the I statistic and
was considered significant when tests yielded P<0.05. Lastly, yield genetic
gain isolines were represented in a contour plot using a generalized ad-
ditive mixed model with KW and KN genetic gains as predictors and
with observations weighted by the number of replicates (function gamm
in mgev package; Wood, 2017).

Subgroup meta-regression analyses were conducted to assess the effect
of water regimes, N management, plant density, and source—sink relation-
ship on the genetic progress of US Pioneer ER A hybrids relative to other
global programs. Based on the treatments tested in US case trials and
reviewed studies, three subgroups were established for water condition
(rainfed, partially and fully irrigated), nitrogen (low N <100 kg ha™", high
N >100 kg ha™', and high+late N including a post-V,, application), and
source—sink ratios (control, low, and high), and four subgroups for plant
density (<5, 5-7.5, 7.6-8.9, and >9 plants m ?). Subsets were analysed
separately following the same procedure described for the pooled data.

For the description of kernel dry matter accumulation, an expolinear-
plateau model was used on the case studies’ data. The expolinear model
developed by Goudriaan and Monteith (1990) provides an opportunity
to simultaneously model the lag (exponential) and early linear phases of
kernel growth in crops (Mueller ef al.,2019).We combine here the expo-
linear model with a final plateau of maximum KW into a three-phase
model, that is, into an expolinear-plateau model defined as:

W= <&> In(1 4 R =0))  for x < 4
Ron 2
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Cnl —
W = < ) In(1 4+ Rk t")) for x > t,
Rln (3)

where Wis kernel dry weight (mg kernel '), C,, is maximum absolute
kernel growth rate during the linear phase (mg kernel ™' d™"), R, is the
maximum relative growth rate during the exponential phase (mg mg™'
d™), t, is days where the extrapolated C,, slope crosses the x-axis, f, is days
at which the plateau of maximum KW is achieved, and x is the explan-
atory variable (days). The expolinear-plateau function was fitted to the
data using non-linear mixed-effects models with the nlme package. The
non-linear model was first fitted for each replication using nlsList func-
tion (see Meade et al., 2013). A selt-starting function was developed for
the expolinear-plateau model and used to determine starting values. The
R script for the self-starting function is available on demand. Obtained
parameters for all replications were averaged to determine starting values
for the non-linear mixed effect model using nlme function. Residuals were
modeled as a power function of days to account for the heteroscedasticity
due to the increased sample variance over time. The best random effects
structure of non-linear models (with/without site and block effects) was
assessed based on the lowest Akaike’s information criterion (AIC).

Similarly, a third-order polynomial model was fitted to the kernel
water content along the kernel-filling period:

KWC = a+ bx + ox® + dx’ @

where KWC is kernel water content (mg kernel '), a is the y-axis inter-
cept (mg kernelfl), b, ¢,and d are the linear, quadratic, and cubic empirical
coeflicients of the model, respectively, and x is the explanatory variable
in days. Days at kernel maximum water content (KMWC) was estimated
solving for x when the first derivative of the equation was equal to zero.

A partial least squares (PLS) regression was used to model the variation
in KW explained by the kernel-filling parameters extracted from kernel
dry matter and water content dynamics (function mvr in pls package;
Mevik et al., 2020). The use of PLS was based on its reliability and ability
to overcome multicollinearity between a high number of explanatory
variables. Variables were scaled to their unit variances and mean-cen-
tered to standardize across units. The relative importance of variables was
assessed by the absolute value of their regression coefficients over the sum
of all coefficients, expressed as a percentage.

Results

Descriptive summary of historical changes in kernel
weight

Our analysis included retrospective studies performed for a total
of seven countries, with Argentina (67), USA (30), and China
(15) as the leading countries in terms of number of collected sites
(i.e. EXM combinations, Fig. 1A). Categorized by the number of
observations, the USA was the top country for records of ERA
hybrids from Pioneer Hi-Bred (n=383) and other breeding pro-
grams (n=46). Genetic gain research in this country covered
the largest range of hybrids’ years of introduction from 1920 to
2017 (Pioneer Hi-Bred) and 1930 to 2005 (other programs). For
other countries, the oldest genotypes recorded were developed
in the 1950s and, therefore, the period of years covered in our
dataset was shorter than for the USA (Fig. 1A).

Hybrids from different ER As were subjected to a wide range
of agronomic management practices across studies. The USA

presented the most balanced and exhaustive research in KW
genetic gain across nitrogen, planting density, water regimes,
source—sink levels, and most of their interactions (Fig. 1A). In
Argentina and China, most of the studies tested genotypic var-
iations across density, nitrogenXdensity, and water condition
levels. The remaining countries analysed genotypes across two
or fewer levels of treatments (Brazil and Canada) or a unique
agronomic setting (Serbia and Nigeria) (Fig. 1A).

Meta-regression results showed positive genetic progress for
grain yield across the wide range of countries and agronomic
conditions explored in our database. In the USA, Pioneer
Hi-Bred showed a genetic gain rate of 0.7% year ' and other
US hybrids followed closely with a rate near 0.6% year ' (Fig.
1B). Rates for yield improvement in Argentina and China
were comparatively higher with values of around 1.1 and 1.2%
year” !, respectively, although with larger confidence intervals.
Likewise, and despite the smaller sample sizes, other countries
included in our database revealed similar yield increases in the
range of 0.5-1% year™'. Overall, the global estimated progress
was around 0.9% year ' (Fig. 1B).

Improvements in KW were much more modest than those
for yield, a pattern that was repeated across all countries. KW
improved at a rate of 0.3 and 0.4% year™ ' in US hybrids over
the past century (Fig. 1C). Genetic progress in China for the
same trait was higher in the order of 0.7% year ', although
covering a narrower and more recent historical range of
decades than the USA. For countries such as Argentina, Brazil,
and Nigeria, our data showed non-significant improvement in
KW associated with breeding over time, with mean values in
the range of 0.1-0.2% year ' (Fig. 1C). Overall, the global rate
of genetic gain in maize KW was significantly positive and
estimated close to 0.5% year™ .

Genetic gains in grain yield were largely driven by improve-
ments in KN per area for hybrids both from USA Pioneer
Hi-Bred and from other global institutions. Most of the
records (70%) evidenced yield increases in the range 3.8—
16.9 g m™? year ' supported predominantly by improvements
in KN of between 6.1 and 68.8 kernels m > year ' (Fig. 2A).
Same studies, on the other hand, showed less pronounced
KW improvements between —1.2 and 1.3 mg kernel " year™".
Among components, the trade-oft was evident as the contri-
bution of KW improvements to yield gain decreased when
there were strong increments in KN (Fig. 2A). Our analysis
showed that genetic gain in KN explained around 63% of the
yield increases in the dataset, whereas KW explained roughly
7% of the yield variation (Fig. 2B). Interestingly, the estimated
95% CI reflected large uncertainty on the potential contri-
bution of KW improvements across genotypeXenvironment
combinations, even up to 35% of contribution to yield gain.

Effect of crop growth conditions on maize genetic gain

Agronomic management influenced genetic gains in grain yield
and KN but in a different manner across breeding programs.
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Fig. 1. General information for the sites (n=126) included in the review analysis. (A) Number of studies, management factors, and years of release of
hybrids evaluated across locations. (B, C) Comparison of rates of genetic progress across regions (and breeding programs for the USA) for grain yield
(B) and kernel weight (C). Size of symbols represents their weight in the global meta-regression estimate across all regions, influenced by both number of

observations (n) and sites within the individual region.

For USA—Pioneer ERA hybrids, grain yield improvements
were significantly affected by planting density and nitrogen
levels (Table 1).Yield improvement was greater under high
planting density (>76 000 plants ha™") up to 0.92% year ' This
was essentially driven by large improvements in KN (0.66%
year ') rather than in KW (0.33% year™"). Nitrogen supply did
not trigger significant variations in the relative rate of gain for
either yield or KN, yet it did influence the actual environ-
mental index. Thus, when increases were expressed in their ‘ac-
tual’ units (i.e.g m * year ' for yield and kernels, m 2 year ' for
KN), rates of gain were greater under high N (7 g m ™ year '
and 14 kernels m 2 year ') than under low N supply (4 g m >
year ' and 12 kernels ha™' year ).

For other global breeding programs, the rate of gain in grain
yield and KN was largely affected by all management prac-
tices evaluated but with large heterogeneity in the estimations
(P) (Table 1). Because multiple and distinct breeding programs
were combined in this analysis, significant variations within
individual subgroups were expected and reflected by large P
values (>75%). However, our analysis evidenced predominant
effects of both water and nitrogen supply motivating greater
rates of improvement.

KW relative increments for Pioneer ER A hybrids were sim-
ilar across most of the agronomic settings in our database, ex-
cept for nitrogen supply levels. Genetic progress was higher
under high N (0.37% year ') than under low N (0.22% year ')
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each study. Black and gray symbols represent hybrids from USA—Pioneer ERA and other global breeding programs, respectively. (B) Proportion of the
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association between variables. Whiskers represent their 95% Cl.

(Table 1). Actual rates of improvements (non-standardized) can
be expected to differ even more considering levels of environ-
mental index achieved at each N condition (211 mg for low
N and 272 mg for high N). A similar pattern was observed for
hybrids with different genetic backgrounds, for which rates
of KW gain over time were greater under high N (0.55%
yearfl,Table 1). In addition, better improvements in KW were
observed in irrigated conditions (0.69% year ') relative to
rainfed (0.43% year '), although here the large heterogeneity
underpins variation in the magnitude of the water effect (PP >
93%). Lastly, manipulations in the post-flowering source—sink
levels generally affected more of the overall mean of KW in
the environment (KW ranged from 190 to 319 mg) than the
relative rate of gain.

Physiological traits underpinning kernel weight genetic
progress of USA-Pioneer ERA hybrids

Following analysis of literature data across years and countries,
hybrids from the ERA set of USA—Pioneer Hi-Bred were
further examined at multiple field trials during 2017-2020
growing seasons. The rate of yield gain was influenced by the
management combination of water regime and planting density
(Fig. 3A).Yield increased from 6.0 Mg ha™' (1920) to 14.5 Mg
ha™" (2017) under irrigation and high-density in the current
study (88 kg ha™' year™"), whereas from 6.9 Mg ha™' (1920) to
12.1 Mg ha™' (2017) in rainfed and low-density environments
(54 kg ha™! year ). A similar genotypeXmanagement (GXM)
interaction effect was observed for the rate of gain in KN across

years of hybrids’ introduction (Fig. 3B). The rate of increase in
KN was 29 kernels m ™ year ' under irrigation and high den-
sity, and 9.3 kernels m ™ year ' under rainfed and low density.
These results evidence the strong influence of the improved
tolerance to high plant densities of modern US hybrids.

The KW of ERA hybrids from USA—Pioneer Hi-Bred
showed a linear increase over time, but without significant
interactions across waterXplanting density levels (Fig. 3C,
P=0.91). Kernel mass increased from 187 mg kernel ™ (1920)
to 288 mg kernel ™' (2017) for hybrids grown in this study, sig-
nifying a rate of increment of about 1.04 mg kernel ™" year™".
This suggests that, contrary to what was reported for yield and
KN, the GXM (water regime and plant density) component
was less relevant for KW improvements. More importantly, and
although KN was the predominant component supporting
yield increases, our findings suggest that KW had a significant
contribution to yield gain in Pioneer Hi-Bred ERA hybrids.

The expolinear-plateau model proved adequate to describe
KW as the result of dry matter accumulation during the ker-
nel-filling period. Furthermore, parameters of such a model
were reasonably interpreted in useful biological terms (Fig.
4A): C,, described the linear kernel-filling rate, f, represented
the kernel-filling duration, #, described the duration of the lag
phase, and the kernel growth during lag phase was obtained
solving for y when x=t,. The linear rate of kernel growth
significantly increased with years of hybrid release since the
1920s, but it has remained relatively stable over the past 40
years (Fig. 4C). Kernel filling rate increased 0.02 mg kernel ™
d™! year™" until a plateau was achieved near 1982 at 9.11 mg
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kernel™! d7'. Instead, the duration of kernel filling showed
evidence of a steady genetic gain, with a linear rate of 0.06 d
year ' (Fig. 4D). These results demonstrate that, for the past
four decades, KW genetic gain has been predominantly driven

by improvements in kernel-filling duration (48% of KW var-

iation, Fig. 5A, B).

The duration of the lag phase has remained constant during
the past century of maize breeding improvement (Fig. 4E).The
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average duration among the 20 hybrids evaluated was of 12
days, indicating that the extension of the kernel-filling period
over years was driven by a prolonged linear phase. Interestingly,
and although dry matter accumulation is slow during the lag
phase, kernel growth during this initial period significantly
increased with years of hybrid release, at a rate of 0.02 mg
year ' (Fig. 4F). While these increments contribute little to the
total increase in KW (5.3%, Fig. 5A, B), they denote a better
transition through which kernels enter the rapid phase of dry
matter accumulation.

Kernel water and dry matter accumulation are two tightly
connected processes that determine kernel-filling growth pat-
terns (Fig. 4B). In this sense, the definition of maximum kernel
water content (MKWC) was delayed with the year of hybrid
release at a rate of 0.07 d year™' (Fig. 4G). Coupled with the
lack of changes in lag phase duration, our results imply that
most of the genetic progress in kernel-filling duration can be
attributed to an extended lag-to-MKWC period. The MKWC
value also increased linearly over time at a rate of 0.19 mg
year !, likely suggesting an aligned rate of improvement in
kernel volume.

Phenotypic plasticity of KW (i.e. to conditions of high and
low resource availability) showed a linear increase over the
past century for the US Pioneer ERA hybrids. KW plasticity
increased from 0.27 (1920) to 0.36 (2017) for hybrids evalu-
ated in this study (Fig. 4H). This was the second most impor-
tant factor explaining changes in KW over decades (14.1%,
Fig. 5A, B). This trend in KW plasticity was essentially sup-
ported by both (i) a higher reduction in KW under condi-
tions of low post-flowering source—sink ratio (i.e. defoliation

treatments) (P<0.01), and (i) a better response in KW to
increases in source—sink ratio (i.e. restricted pollination treat-
ments) (P<0.05).

Lastly, for control treatments without manipulation, we ana-
lysed variations in the post-flowering source—sink ratio over
time to quantify how the source capacity has been improved
to support more kernels with greater size in modern hybrids.
The post-flowering source—sink ratio increased from 192 mg
kernel ' (1920) to 302 mg kernel”' (2017) in the current
study, which translates into a rate of 1.13 mg kernel " year™'
(Supplementary Fig. S2). As can be expected, these increases
were positively correlated with KW improvements explaining
part of the variation (8.9%, Fig. 5A, B). These results dem-
onstrate that increases in reproductive biomass accumulation
were comparable and even exceeded those in KN, resulting in
an improved supply of assimilates per kernel during the post-
flowering period.

Discussion

A large and diverse dataset on KW in historical hybrids was
assembled to compare genetic improvements in this trait across
commercial breeding programs. Our study, for the first time,
describes the physiological characteristics underlying improve-
ments in maize KW during the past century for US Pioneer
ERA hybrids, as a case study for private breeding programs
of commercial US maize hybrids. Rates of improvement in
KW of US hybrids were similar to those of other commer-
cial breeding programs around the globe but documented
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over a longer period of time (Fig. 1). Our findings extend
those obtained in previous decades (Crosbie and Mock, 1981;
Meghji et al., 1984; Cavalieri and Smith, 1985; Russell, 1985)
and further describe the GXM interaction as a critical ele-
ment in the genetic improvement of KW.This analysis provides
foundational knowledge to propose candidate targets for future
selection gains in maize.

The contribution of KW improvements to yield genetic
gain was smaller (but substantial) relative to the KN, although
governed by the trade-oft between KW and KN (Fig. 2).
While the negative association between KN and KW has
received much of the attention in maize and other species
(Sadras, 2007; Gambin and Borras, 2010), the evolution of
this trade-off through historical improvements has been little
investigated. Here, we demonstrated that a simultaneous con-
sideration of both components is necessary to analyse past
and predict future genetic gains. Potential improvements in
individual KW remain unexploited in breeding programs for
which KN was the fundamental target trait to increase grain
yield (e.g. Argentine hybrids for our dataset) relative to those
of the highest KW gains (e.g. Chinese hybrids in our dataset).
Genetic progress in Pioneer ERA hybrids was also princi-
pally associated with increased KN but with more balanced
increments in KW (Fig. 3). These results are in agreement
with what is well established in the literature (Duvick et al.,
2004) and for other cereals (Donmez et al., 2001; Demarco
et al., 2020). Still, there is a significant gap between current
and maximum KW described for US hybrids that warrants a
path to further increases in kernel size. However, yield prog-
ress driven by increments in KW in the future will be feasible
only if the reciprocity between both components is over-
come through the identification of independent genetic loci
for kernel size (Alvarez Prado et al., 2014a; Chen et al., 2016;
Calderini et al., 2021).

In our review analysis, findings of low increments in KN
with higher rates of improvement in KW for some studies in-
dicate that the negative trade-off between KN and KW is re-
solved around the kernel set period in maize. It is early in the
reproductive phase when the determination of KN overlaps
with the establishment of potential KW (Gambin and Borras,
2010). Because of this temporal linkage between both com-
ponents, differences in KW improvements across GXEXM
combinations should be related to resource availability per
kernel around the kernel set period. Our study suggests that
genetic improvement in resource availability per kernel around
the kernel set period was sufficient to allow increments in
both components for most of the genetic programs over time.
However, it is also important to recognize the necessity to ac-
commodate the crop source capacity to overcome the KN—
KW trade-oft and achieve further genetic gains for yield in
the near future. A parallel enhancement of either radiation use
efficiency (RUE) or carbon partitioning to the kernels is re-
quired for translating the larger sink capacity from KW into
future yield improvements.

Relative increments in KW over decades showed consid-
erable variability across management scenarios, but nitrogen
supply was identified as one of the principal factors influencing
KW improvements over time (Table 1). Nitrogen influences
the endosperm cell number and kernel sink capacity during
the lag phase (Lemcoft and Loomis, 1994; Olmedo Pico et al.,
2021). Hence, the higher kernel-filling rate of modern hybrids
presumably demonstrates an improved response to nitrogen
supply on the endosperm cell division cycle. A similar pattern
of N response was repeated on genetic materials from other
regions of the globe. The practice of selecting and evaluating
hybrids under a high nitrogen supply has improved the ability
of modern hybrids to respond to N-fertilizer (Ciampitti and
Vyn, 2012; Haegele et al., 2013). Different physiological mech-
anisms are responsible for high grain yields under low and high
N (Binziger et al., 1997). Therefore, the lower genetic progress
under N stress environments for KW highlights the need to
explore specific adaptation to low-N environments in order
to put this yield component close to its observed potential
under high N (Lafitte and Edmeades, 1994). Maize breeding
progress has been highly dependent on the utilization of N to
express crop yield potential (Ciampitti and Vyn, 2012). In par-
allel to the global maize yield progress, fertilizer use for China,
India, and certain developing countries has climbed continu-
ously for 50 years, except for the USA where it has remained
stagnant since the 1980s (International Fertilizer Association,
2013). However, current rates of yield gain created a legacy
of inherent high-technology-dependent (e.g. seed, fertilizer,
herbicide inputs) farming systems. Therefore, future improve-
ments in nutrient use efficiency (Ciampitti and Vyn, 2014) will
be critical to improve yield gains under more resource-limited
environments.

KW genetic gain has been predominantly related to an
extended kernel-filling duration given a prolonged kernel
water uptake period (Fig. 5). These results relate to those
of Yang et al. (2010) in sorghum for which genotypic dif-
ferences in kernel-filling duration were established during
early stages of kernel development. A number of studies
have shown that the accumulation and status of water in the
kernel play a pivotal role in the determination of potential
kernel volume and size (Borras et al., 2003; Gambin et al.,
2007). The accumulation of water regulates cell expansion
and metabolic processes in the kernel and, subsequently, the
cessation of dry matter accumulation (Egli, 1990). Here, we
show that breeding selection has increased the duration of
kernel filling by delaying the timing when net water uptake
stops, but without major modifications in the lag phase or
the late phase of development (Fig. 4). In fact, the contribu-
tion of changes in growth during the lag phase was negligible
compared with those regarding metabolic events during the
determination of the potential kernel size. Furthermore, the
higher filling rates shown for modern hybrids suggest that a
delayed realization of MKWC also influences the determi-
nation of the maximum granule number (Jones ef al., 1996;

2202 1990120 (Z UO Jasn uepneyuely - AlIsIaAlun aels sesued Aq L06.7G9/265€/L L/ /aI0me/qxljwoo dno-oiwapese//:sdny woly papeojumoq



Kernel weight improvements over a century of maize breeding | 3607

Borrias et al., 2003). It is reasonable to conclude that the var-
iations in water content for modern hybrids reflect a long-
term genetic improvement in granule number. Our results
confirm that the effects of genetic improvement in maize
have exerted fundamental changes in KW through the alter-
ation of metabolic dynamics during the early stages of kernel
development.

The amount to which a trait is contingent on the envi-
ronment (i.e. phenotypic plasticity; Bradshaw, 1965) has been
an often-overlooked component in past retrospective studies
describing phenotypic changes associated with breeding se-
lection in maize and other crops (Peltonen-Sainio et al., 2011;
Sadras and Lawson, 2011; de Felipe and Alvarez Prado, 2021).
A tocus on KW plasticity allows for a valuable consideration
of the reaction of the genotype-by-environment interaction
to crop improvement. Here, we demonstrate a continued in-
crease in KW plasticity with selection for yield in maize, upon
which modern hybrids express a better plastic response to the
assimilate availability during kernel filling. High KW plas-
ticity resulted from a better ability of modern hybrids to re-
spond to favorable conditions (high resource availability) but
also from a higher susceptibility to poor conditions during
kernel filling (low resource availability). Reductions in KW
under assimilate constraints were usually larger in newer
genotypes of our dataset, consistent with what has been re-
ported in other cereals (Fischer and HilleRisLambers, 1978;
Kruk et al., 1997). More importantly, we also observed that
crop improvement has conferred on modern hybrids better
responsiveness to increments in assimilate availability. This
reinforces the concept of phenotypic plasticity being associ-
ated with greater productivity of agronomic traits (Calderini
and Slafer, 1999; Peltonen-Sainio et al., 2011). Even though
maize seed size is known to have a relatively limited plasticity
during kernel filling compared with other species (Sadras,
2007), a remaining challenge is to investigate to what extent
the expression of an improved KW plasticity during kernel
filling can partially compensate for reductions in KN as an
adaptive strategy to stresses at flowering. Furthermore, these
results and the knowledge that genetic control of KW and its
physiological characteristics are independent of the genetic
control of KW plasticity (Alvarez Prado et al., 2014b) high-
lights the opportunity to exploit this trait further in breeding
programs and provide a better adaptation of hybrids to future
environments.

Although this study primarily focused on kernel weight
changes over time in commercial hybrids for grain production,
future studies should extend the focus to other kernel mor-
phology traits of interest. It is known that kernel size, among
other factors, is an important trait determining the suitability
of an inbred line as a seed parent (Wych, 1988). While small
kernels are often perceived as less viable seeds (Pinnisch ef al.,
2012), large kernels may have been incompatible with planter
adjustments over time (although less a problem now due to the
technological advances in precision and singulation) and even

increase the weight of unit bags of 80 000 kernels. The latter
may have hindered efforts to increase kernel size in maize with
breeding, due to potential competing effects between increas-
ing KW for inbred parents and commercial hybrids. Further
research is still needed to understand how breeding over time
has modified other kernel morphology traits in inbred parents
used for maize seed production.
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The following supplementary data are available at JXB online.

Fig. S1. Sankey diagram summarizing the literature review
screening procedure.

Fig. S2. Relationships between years of hybrid introduction
and the post-flowering source—sink ratio.

Table S1. Publication number and reference, country, years
of experiments, experimental design, range of years of hybrid
release (YOR), management practices, and number of means
obtained for the historical maize experiments used for the
meta-regression analyses.
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