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Abstract
Maize (Zea mays L.) grain yield is assumed to be source limited during the flowering

period but sink limited during grain growth; however, environmental restrictions dur-

ing active grain filling may strongly affect final kernel weight (KW). In this study, we

evaluated the effect of natural changes in photothermal conditions during lag phase

(LP) and effective grain-filling period (EGFP) on KW, its physiological determinants,

and the post-flowering source–sink relationships of flint and semident germplasm. F1

hybrids of flint × flint and dent × flint background were tested during four seasons

(Y1, Y2, Y3, and Y4). Across years, the highest KW (286 mg) was obtained under

the maximum photothermal quotients during LP (PTQLP = 1.18 MJ m−2 ˚C−1) and

EGFP (PTQEGFP = 1.07 MJ m−2 ˚C−1) of Y2, whereas the smallest KW (252 mg)

and source–sink ratio during grain filling was obtained under the lowest PTQEGFP

(.79 MJ m−2 ˚C−1) of Y3. Supra-optimum temperatures during LP of Y3 negatively

affected potential KW determination, and hence kernel growth rate (P < .001) as a

result of reduced assimilate availability per kernel. Hybrids dent × flint exhibited

higher grain yield, kernel number, and plant growth around flowering than flint ×
flint throughout evaluated seasons but had reduced source–sink relationship during

grain filling (P < .05) and increased KW sensitivity (P < .001) to changes in the

photothermal conditions. Results emphasized the importance of the photothermal

environment during grain filling on KW determination (particularly for seasons with

great photothermal imbalance between filling subphases) as well as the dependency

of KW responses on the genetic background.

Abbreviations: D × F, dent by flint; EGFP, effective grain-filling period; F × F, flint by flint; GG, genotypic group; IPTQ, photothermal quotient on

intercepted solar radiation basis; KGR, kernel growth rate; KMV, maximum kernel volume; KMWC, maximum kernel water content; KNP, kernel number

per plant; KW, kernel weight; KWe, estimated kernel weight; KWm, mean kernel weight; LP, lag phase; PCA, principal component analysis; PGEGFP, plant

growth during the effective grain-filling period; PGRCP, plant growth rate during the critical period for kernel set; PGY, plant grain yield; PTQ, photothermal

quotient; PTQEGFP, PTQ during the effective grain-filling period; PTQLP, PTQ during the lag phase; VPDEGFP, vapor pressure deficit during the effective

grain-filling period; VPDLP, vapor pressure deficit during the lag phase; Y, year.
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1 INTRODUCTION

Final individual kernel weight (KW) of maize (Zea mays L.) is

mainly dependent upon assimilates available per kernel (i.e.,

the source–sink relationship) during the critical period for

kernel set (∼30 d centered at silking), when potential KW

is established (Gambín et al., 2006, 2008). Assimilate avail-

ability during the subsequent effective grain-filling period

(EGFP) is not expected to restrict kernel growth of most early-

sown crops (Borrás et al., 2004), revealing that both grain-

filling subphases (i.e., lag phase [LP] and EGFP) are dynami-

cally interrelated to each other. However, stressful conditions

such as water deficit (Ouattar, Jones, & Crookston, 1987;

Ouattar, Jones, Crookston, & Kajeiou, 1987), above-optimum

temperatures (Rattalino Edreira et al., 2014), or reduced nitro-

gen offer (Hisse et al., 2019) during the effective grain filling

may reduce the plant capacity to provide assimilates to grow-

ing kernels, and consequently limit the achievement of their

potential size (Borrás et al., 2004). In this sense, climatic con-

ditions experienced during the cropping season are of special

concern because of their direct impact on plant growth as well

as their interannual and intraseasonal variability, which are

expected to increase in the future in agreement with the rise in

the frequency and intensity of extreme climate events (Magrin

et al., 2014).

Photothermal conditions during the effective grain filling

are usually subjected to a progressive deterioration under

late sowing in temperate environments (Bonelli et al., 2016;

Tsimba et al., 2013), as well as under several production

systems at high latitude (Kiniry & Otegui, 2000; Tollenaar,

1983), mostly as a result of the decrease in solar radiation lev-

els. Consequently, a reduction in final KW may occur as it

has been documented for different maize kernel types grown

under late sowing dates (Abdala et al., 2018; Bonelli et al.,

2016; Cirilo et al., 2011). Disruptions in the photothermal

environment during each subphase of grain filling were not

addressed; such disruptions may cause an imbalance between

the potential sink demand that is established early in kernel

growth (Gambín et al., 2006) and the realization of this poten-

tial that takes place along active grain filling (Borrás et al.,

2004).

Changes in source per grain around flowering affect the

main physiological determinant of KW, namely the kernel

growth rate (KGR) during the EGFP (Gambín et al., 2006).

This rate is associated with the maximum kernel water content

(KMWC; Borrás et al., 2003), which is achieved at mid-grain

filling. The KMWC is considered a good estimator of the

potential kernel size and can be used as an indirect estimate of

kernel sink capacity (Borrás et al., 2003). Environmental lim-

itations imposed during the EGFP affect KW directly, short-

ening the duration of this phase (Melchiori & Caviglia, 2008;

Core Ideas
∙ The increased kernel weight corresponded to the

season with the highest photothermal records.

∙ Great photothermal imbalance between grain-

filling phases resulted in reduced grain weight.

∙ Semidents had greater grain yield, kernel number,

and plant growth around flowering than flints.

∙ Source–sink ratio at grain filling was lower for

semident than for flint types.

∙ Semidents had increased kernel weight sensitivity

to the photothermal environment.

NeSmith & Ritchie, 1992; Ratallino Edreira et al., 2014),

mainly by accelerating kernel desiccation rate with almost

no change in KGR (Jones & Simmons, 1983; Ouattar, Jones,

& Crookston, 1987; Ouattar, Jones, Crookston, & Kajeiou,

1987; Westgate, 1994). A similar negative effect on grain-

filling duration has been demonstrated for reduced irradi-

ance with artificial shading (Andrade & Ferreiro, 1996). Such

responses have not been documented through a wide range of

natural environments for early-sown maize, which is assumed

to be sink limited (i.e., to have source in excess for adequate

completion of the grain-filling period) provided water and

nutrients do not limit growth. Moreover, negative effects on

grain filling may occur even under no soil resource limita-

tions if above-optimum temperatures and/or high vapor pres-

sure deficit limit transpiration (Shekoofa et al., 2016) and pho-

tosynthesis (Rotundo et al., 2019).

The sensitivity of individual KW to changes in the environ-

ment explored by crops during grain filling depends on the

potential KW set early in grain development (sink strength)

as well as on the source–sink relationship established sub-

sequently during the effective grain filling (source capacity).

Thus, genotypes that express a high potential KW and/or a

constrained source–sink relationship during the EGFP will

probably be more sensitive to variations in resource avail-

ability between early (i.e., lag) and late (i.e., effective) grain-

filling phases than those expressing the opposite trend. Flint

genotypes commonly have smaller KWs than dent germplasm

because of a reduced potential KW that has been linked to a

constrained plant growth around flowering (Tamagno et al.,

2015). As a result of their reduced potential KW, flint geno-

types are usually less affected than dents whenever source lim-

itations are evident during grain filling (Tamagno et al., 2016),

despite both groups have similar source–sink relationship at

this period (Tamagno et al., 2015). More “modern” semident

types showed greater KW reductions with severe defoliations
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during seed filling than “old” flint genotypes when comparing

Argentine hybrids released between 1965 and 1993 (Echarte

et al., 2006). The same was evident when comparing mod-

ern flint and dent commercial hybrids (Tamagno et al., 2016),

since dent types were more sensitive to the imposed source

reductions per kernel during grain filling.

To our knowledge, there is no study that evaluates the

impact of natural changes in the explored photothermal con-

ditions at each phase of grain filling (lag and effective fill-

ing) on the KW, its physiological determinants (i.e., grain-

filling traits), and the source–sink relationship during the

post-flowering stages for genotypes of different genetic back-

ground (flint vs. semident germplasm). In current work we

combined environmental characterization with crop physiol-

ogy and genetic diversity to further our knowledge regard-

ing both genetic responses to the environment and physiol-

ogy underlying grain yield in maize. By doing so, the present

study will evaluate for mentioned traits the effect of contrast-

ing weather conditions (temperature, incident solar radiation,

and vapor pressure deficit) during the LP, as well as the EGFP

on a set of hybrids representative of dent × flint (D × F) and

flint × flint (F × F) germplasm.

2 MATERIALS AND METHODS

2.1 Genetic material, crop husbandry, and
experimental design

Field experiments were conducted at the Pergamino Exper-

imental Station of the National Institute of Agricultural

Technology (INTA), Argentina (33˚56′ S, 60˚34′ W), on a

Typic Argiudoll soil during the growing seasons of 2002–

2003 (Year 1, Y1), 2003–2004 (Year 2, Y2), 2013–2014

(Year 3, Y3), and 2014–2015 (Year 4, Y4). The evaluated

genetic material included 12 single-cross hybrids derived

from six inbred lines of different background. This back-

ground included one U.S. dent (B100), and five Argen-

tine flint (LP2, LP561, LP611, LP662, and ZN6) inbreds

described in detail in D’Andrea et al. (2006). The 12 hybrids

were divided into two genotypic groups (GGs): (a) D × F

hybrids, composed by B100 × LP2, B100 × LP561, B100 ×
ZN6, and their reciprocals; and (b) F × F hybrids composed

by LP561 × LP662, LP561 × LP611, LP611 × ZN6, and their

corresponding reciprocals. These types have been tradition-

ally more widely used than pure dents in Argentina (Di Matteo

et al., 2016; Echarte et al., 2006). Maize was hand planted on

normal planting dates on 1 November (Y1), 9 October (Y2),

28 October (Y3), and 27 October (Y4). Soil analysis from the

topmost 0.4 m of the soil profile indicated an organic matter

content of 22 (Y1 and Y2), 23 (Y3), and 20 g kg−1 (Y4). Nitro-

gen was applied at a rate of 200 kg N ha−1 supplied as urea

and split in two applications, one at sowing and another one at

the nine-ligulated leaf stage (V9; Ritchie et al., 1992) reached

at early (Y2) and mid-December (Y1, Y3, and Y4). Hybrids

were distributed in a randomized complete block design with

three replicates. Each experimental unit (plot) had three rows

of 5.5-m length with a spacing of 0.7 m between rows. Stand

density was always 7 plants m−2. The uppermost 1 m of soil

was kept near field capacity with sprinkler irrigation to pre-

vent water stress. Weeds, insects, and diseases were controlled

throughout the growing season.

2.2 Measurements

Hourly recorded values of incident solar radiation and air tem-

perature were obtained at the experimental site with a LI-COR

1200 (LI-COR) weather station. The fraction of incident radi-

ation intercepted by the canopy was measured every 2 wk

using a line quantum-sensor (Cavadevices). Four determina-

tions per plot were taken at midday, between 1130 and 1430 h,

on clear days, with 1 m of the sensor placed diagonally across

the rows immediately below the lowermost green leaves of the

canopy (Gallo & Daughtry, 1986). The duration of each eval-

uated growth stage was computed in cumulative thermal time

units (TT, in ˚C d) above a base temperature of 8 ˚C and below

an optimum temperature of 35 ˚C (Ritchie & NeSmith, 1991),

except grain filling duration for which a base temperature of

0 ˚C was used (Muchow, 1990). A temperature of 35 ˚C was

set for maximum records >35 ˚C, whereas no correction was

made to minimum values because there was no record below

0 ˚C during grain filling.

Seven successive and well-bordered plants were tagged at

V3 on the central row of each plot. They were used for the

nondestructive assessment of (a) the dates of anthesis (at

least one anther visible in the tassel) and silking (at least one

silk visible in the apical ear) of each plant, and (b) shoot

biomass production per plant at V14 (around silking −15 d)

and R2 (silking +15 d). These plants were harvested at phys-

iological maturity (R6; black layer visible in kernels at the

middle of the ear) for the assessment of plant grain yield

(PGY, in g plant−1), kernel number per plant (KNP, counted

for each ear of each plant), mean individual KW (KWm,

as the quotient between PGY and KNP, in mg), and final

shoot plant biomass (g plant−1) after drying them at 70 ˚C

until constant weight. Allometric models were used to esti-

mate plant mass at V14 and R2 stages of crop development

(Borrás & Otegui, 2001; Vega et al., 2000). Model predic-

tors were (a) stem volume, based on the plant height to the

uppermost visible collar and mean stem diameter at the base

of the stalk (average of maximum and minimum values),

for the estimation of vegetative biomass (i.e., excluding ear

shoot); and (b) maximum ear diameter (only at R2), for the

estimation of ear–shoot biomass. Three or four plants per

replicate were harvested for each genotype to parameterize
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genotype-specific allometric models. All models were sig-

nificant (P < .001), with r2 values that ranged between .86

and .99 for vegetative biomass and .84 to .99 for ear–shoot

biomass.

Additionally, during Y3 and Y4, 15 plants were randomly

tagged 15 d before anthesis in each individual plot. Silking

date (i.e., first silk visible) of the apical ear was recorded for

all tagged plants. Individual kernel dry matter, and water con-

tent were measured throughout kernel development, begin-

ning 10 d after silking until harvest maturity (∼15% kernel

moisture concentration) (Borrás et al., 2003). The apical ear

of tagged plants was sampled every 4–6 d. The entire ear

with surrounding husks was immediately enclosed in an air-

tight plastic bag and transported to the laboratory. Kernels

were removed from the 10th (bottommost) spikelet position

of the ear within a humidified box. Ten to fifteen kernels per

ear were sampled on each date. Fresh weight was measured

immediately after sampling, and kernel dry weight was deter-

mined after drying samples at 70 ˚C for at least 96 h. Fresh

and dry weight data were used to calculate kernel water con-

tent (mg kernel−1) throughout grain filling. Starting on 20 d

after silking, 10 additional kernels were taken from each sam-

pled ear for kernel volume determination by water volumetric

displacement.

2.3 Calculations

Weather variables records were computed for the LP and the

EGFP. Mean air temperature (T) was obtained as the aver-

age of hourly recorded values. Daily vapor pressure deficit

(VPD) was obtained as in Abbate et al. (2004). Mean incident

radiation intercepted by the canopy (IRad) at each subphase

of grain filling was estimated as the product between mean

daily values of incident radiation (Rad) corresponding at each

evaluated subphase (LP or EGFP) and fractional interception

(fRad):

IRad (MJ m−2 d−1) = Rad
(
MJ m−2 d−1

)
× fRad (1)

Daily fractional interception values were obtained from

nonlinear models fitted to observed data. The selection of the

model in each year × genotype × replication combination was

based on the r2 value. The parameters of the selected models

were fitted using the GraphPad Prism version 6.0 (Raduschev,

2007) iterative optimization technique.

Two photothermal quotients were computed: the first

(PTQ) as the ratio between Rad and T as in Equation 2, and

the second (IPTQ) as the ratio between IRad and T as in Equa-

tion 3 (Fischer, 1985):

PTQ (MJ m−2 ◦C−1) = Rad (MJ m−2 d−1)
𝑇 (◦C)

(2)

IPTQ (MJ m−2 ◦C−1) = IRad (MJ m−2 d−1)
𝑇 (◦C)

(3)

The occurrence of LP and EGFP for each year of the his-

toric climate series was estimated from mean TT values of

LP and EGFP obtained as the average throughout evaluated

genotypes and experiments, and based on a sowing date of 1

November. Then, T, Rad, IRad, VPD, PTQ, and IPTQ records

of each year of the historical dataset were estimated for each

evaluated grain filling subphase.

For each tagged plant, plant growth rate during the criti-

cal period (PGRCP) was calculated as the ratio between plant

biomass increase from V14 to R2 and the TT interval between

these sampling dates:

PGRCP (mg plant−1 ◦C d−1) =
biomass at R2 (mg plant−1)
− biomass at V14 (mg plant−1)

TT at R2 (◦C d) − TT at V14 (◦C d)

(4)

Plant growth rate per kernel during the critical period

(PGRCP kernel−1) was obtained as the quotient between

PGRCP and KNP:

PGRCP kernel−1 (mg ◦C d−1 kernel−1) =
PGRCP (mg plant−1 ◦C d−1)

KNP (kernels plant−1)
(5)

Plant growth during the EGFP (PGEGFP) was obtained as

shoot biomass increase from R2 up to R6:

PGEGFP (g plant−1) =
biomass at R6 (g plant−1)
− biomass at R2

(
g plant−1

) (6)

Plant growth per kernel during the EGFP (PGEGFP

kernel−1) was obtained as the quotient between PGEGFP and

KNP:

PGEGFP kernel−1 (mg kernel−1) =
PGEGFP (mg plant−1)
KNP (kernels plant−1)

(7)

Kernel weight, KGR, and duration of the EGFP of each

hybrid × replicate × year combination were estimated by a

bilinear model (Equations 8 and 9) fitted to each dataset (Bor-

rás & Otegui, 2001):

KWe = 𝑎 + 𝑏 TT for TT ≤ 𝑐 (8)

KWe = 𝑎 + 𝑏𝑐 for TT > 𝑐 (9)

where KWe is the estimated kernel dry weight (mg kernel−1),

TT the thermal time after silking (˚C d), 𝑎 the y intercept
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(mg kernel−1), 𝑏 is the KGR during the EGFP (mg kernel−1 ˚C

d−1), and 𝑐 is the total grain-filling duration (˚C d). The dura-

tion of the EGFP was estimated as the difference between the

total grain-filling duration and the TT when KWe = 0.

A bilinear model was also used for the estimation of maxi-

mum kernel volume (KMV):

KV = 𝑑 + 𝑒 TT for TT ≤ 𝑓 (10)

KV = 𝑑 + 𝑒𝑓 for TT > 𝑓 (11)

where KV is the kernel volume (μl kernel−1), TT is the ther-

mal time after silking (˚C d), 𝑑 is the y intercept (μl kernel−1),

𝑒 is the rate of kernel volume increase (μl kernel−1 ˚C d−1),

and 𝑓 is the period of kernel volume increase (˚C d).

The KMWC was estimated by fitting a trilinear model

(Gambín et al., 2007):

WC = 𝑔 + ℎ TT for TT ≤ 𝑖 (12)

WC = 𝑔 + ℎ𝑖 + 𝑗 (TT − 𝑖) for TT > 𝑖 and TT < 𝑘 (13)

WC = 𝑔 + ℎ𝑖 + 𝑗 (𝑘 − 𝑖) − 𝑙 (TT − 𝑘) for TT ≥ 𝑘 (14)

where WC is the water content (mg kernel−1), TT is the ther-

mal time after silking, g is the y intercept (mg kernel−1), ℎ

is the initial rate of kernel water accumulation (mg kernel−1

˚C d−1), 𝑖 is the TT at which a shift in the rate of water con-

tent increase is detected (˚C d), 𝑗 is the rate of kernel water

accumulation during the second phase (mg kernel−1 ˚C d−1),

𝑘 is the TT at maximum water content (˚C d), and 𝑙 is the rate

of water loss from maximum water content to physiological

maturity (mg kernel−1 ˚C d−1).

Nonlinear models were fitted for each year × genotype ×
replication combination using the GraphPad Prism version 6.0

(Raduschev, 2007) iterative optimization technique.

2.4 Statistical analysis

For each trait, statistical analysis was performed using linear-

mixed effect models in R 3.4.1 (R Core Team, 2018; lme4

package, lmer function). Experimental year (Y) and geno-

typic group (GG) were included in the model as fixed effects,

whereas block and hybrid were considered random effects as

follows:

𝑌𝑖𝑗𝑘𝑙 = μ + α𝑖 + βj
(
α𝑖
)
+ γk + α𝑖γk + ρ𝑖𝑗𝑘

+ δl
(
γ𝑘
)
+ ε𝑖𝑗𝑘𝑙 (15)

where Yijkl is the trait value of the ith year (i = 4), the jth
block (j = 3), the kth genotypic group (k = 2), and the lth
hybrid (l = 12); μ the overall mean; αi the year effect; βj(αi)

the block effect nested within each experimental year; γk the

genotypic group effect; αiγk is the interaction effect between

the year and the genotypic group; ρijk is the error of the main

plot; δl(γk) the hybrid effect nested within genotypic group;

and εijkl is the random residual effect. Statistical differences

for the significant sources of variation were tested using LSD

at the 5% level.

Two principal components analyses (PCA) were performed

on the hybrid × attribute matrix containing standardized data.

Hybrids were grouped by the genotypic group and the year.

The first PCA included grain yield and its components, plant

growth, and source–sink relationships during reproductive

stages, whereas the second PCA included the KWe and grain-

filling traits. Additionally, the first PCA included climatic

variables as supplementary variables. These variables were

not used for the determination of the principal components,

and their coordinates were predicted using only the informa-

tion provided by the performed PCA on active variables and

individuals. The results of the two ordination analysis were

presented in two different biplots. Both biplots were con-

structed using the first two principal components (PC1 and

PC2) to determine the relationships among traits, hybrids, and

climatic variables. Only the first two PCs were considered

because they explained a large proportion (∼80%) of the total

explored variability. The analysis was performed using fac-

toextra (version 1.0.5) and factoMineR (version 2.3) packages

in R 3.4.1 (R Core Team, 2018).

3 RESULTS

3.1 Weather conditions

Meteorological conditions were considerably different among

experimental years (Table 1, Figure 1) not only during the LP,

but also during the effective grain filling. During the LP, Y3

had the highest records for all evaluated weather variables (in

bold, Table 1), except for the PTQ; the opposite trend was

observed in Y4 (Table 1). Moreover, for both mean air tem-

perature and mean incident solar radiation, Y3 and Y4 records

were located in the uppermost (>75th percentile) and the

lowermost (<25th percentile) part of the frequency distribu-

tion, respectively (Figures 1a and 1c). The other two growing

seasons also corresponded to the extreme quartiles of mean

air temperature during the LP, being Y1 high and Y2 low

(Figure 1). Y3 records during the LP were ∼25% higher than

Y2 for mean temperature, and ∼40% and 20% higher than Y4

for vapor pressure deficit (VPD) and incident solar radiation,

respectively (Table 1). In addition, 40% of the Y3 LP (5 d)
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F I G U R E 1 Cumulative frequency for (a) daily mean air temperature, (b) mean vapor pressure deficit, (c) mean incident solar radiation, and

(d) photothermal quotient on incident solar radiation basis during the lag phase (LP, in yellow) and the effective grain-filling period (EGFP, in gray).

Data correspond to the historical meteorological datasets recorded at the Pergamino Experimental Station for a sowing date of 1 November. The

mean extension of lag and EGFP were computed across all genotypes and experiments of current research. For each variable, values for Years 1

(2002–2003, Y1), 2 (2003–2004, Y2), 3 (2013–2014, Y3), and 4 (2014–2015, Y4) are indicated in different colors

had maximum temperature values above 35 ˚C (Supplemen-

tal Figure S1).

During the EGFP, Y2 had the highest records of mean tem-

perature, VPD, and solar radiation (in bold, Table 1), and

for incident radiation, this year was located at the top of the

frequency distribution (90th percentile; Figure 1c). By con-

trast, Y3 exhibited the lowest values during the EGFP for

all evaluated variables, particularly for VPD (36% smaller

than Y2) and incident solar radiation (32% smaller than Y2)

as a result of a high proportion of cloudy days. Moreover,

Y3 corresponded to the lowermost part (<20th percentile) of

the frequency distribution (Figures 1a, b, c). In addition, Y3

recorded a large decline between both grain-filling phases for

VPD as well as for incident and intercepted solar radiation

(Var. in Table 1).

As a consequence of the described irradiance and tempera-

ture combinations of Y2 (higher irradiance than temperature

during the LP and the EGFP; Figures 1a and 1c), its PTQs

were the highest in both subphases of grain filling (Table 1,

Figure 1d). By contrast, the PTQ and IPTQ during the EGFP

in Y3 were substantially lower than in the other analyzed

experiments and recorded a large decline in comparison with

the LP (Var. in Table 1). Thus, Y3 was classified near the his-

torical mean for the PTQ during the LP but ranked the second

lowermost historical value of the analyzed series for the EGFP

(Figure 1d).
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3.2 Kernel weight, plant growth, and
source–sink relationship

All traits had a significant (P< .05) Y and GG effect (Table 2);

however, a significant Y × GG interaction was detected for

PGRCP kernel−1, KWm, KNP, and PGY. Among experimen-

tal years, the highest mean values for PGY and yield com-

ponents (i.e., KNP and KWm) corresponded to Y2 and Y4,

which also had the greatest values for most plant growth traits

and the source–sink relationships (Table 2). By contrast, the

most unfavorable season in terms of the explored photother-

mal conditions (Y3) had the lowest values for PGY and most

evaluated traits; this year also exhibited a more pronounced

decrease in KWm than in KNP as compared with the rest of

years (Table 2).

Regarding genotypic groups, D × F hybrids had larger

(P < .01) mean values for PGY and its components (KNP

and KWm) than F × F types (Table 2), and despite the pres-

ence of significant Y × GG interaction for mentioned traits,

D × F superiority for PGY and KNP held across all evalu-

ated years (Table 3). The same response pattern was observed

for plant growth during the critical period (Table 3). The F

× F group was superior (P < .05) for mean values of plant

growth and source–sink ratio during the EGFP, not only when

averaged across experimental years (Table 2), but also at each

evaluated season (Table 3). When extreme values across years

were considered, the highest range (Table 3) corresponded to

D × F hybrids, except for minimum records of KNP and PGY

and maximum records of PGEGFP kernel−1. Similarly, D × F

exhibited larger interannual variability than F× F in mean val-

ues of all evaluated traits (SE in Table 3), particularly PGY,

KNP, and KWm.

3.3 Environment × trait × genotypic group
associations

A PCA was used to evaluate the relationships among

attributes, weather conditions, and genotypic groups. The first

two components (PC1 and PC2) accounted for 78% of the

observed variation (Figure 2). Most part of the climatic effects

was explained by the PC1, whereas the contrast between geno-

typic groups was sorted by the PC2. Though PGY was mainly

associated with the variation observed in KNP along the PC2,

part of PGY variation was also explained by the variation in

KWm along the PC1 (Figure 2). The KWm was positively and

strongly associated with PGEGFP and with both source–sink

ratios, which in turn were positively associated with their cor-

responding plant growth traits. The KNP was mainly linked

to PGRCP and had no relation with KWm, though KWm was

also related to PGRCP.
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F I G U R E 2 Biplot for the first two principal components (PC 1

and PC 2) of 12 hybrids evaluated during four experimental years

(2002–2003, Y1; 2003–2004, Y2; 2013–2014, Y3; 2014–2015, Y4) for

attributes of plant growth, source–sink relationship during reproductive

stages, grain yield, and its components. Traits and meteorological

variables are represented by black solid and brown dashed vectors,

respectively. Genotypes of two groups (D × F: dent by flint; F × F: flint

by flint) are indicated by different symbols. The enlarged symbols

represent the mean value for each genotypic group (GG) × year (Y)

combination. IPTQEGFP, photothermal quotient on intercepted solar

radiation basis during the effective grain-filling period; IPTQLP, IPTQ

during the lag phase; IRadEGFP, mean intercepted solar radiation during

the effective grain-filling period; IRadLP, IRad during the lag phase;

KNP, kernel number per plant; KWm, mean kernel weight; PGEGFP,

plant growth during the effective grain-filling period; PGEGFP kernel−1,

PGEGFP per kernel; PGRCP, plant growth rate during the critical period

for kernel set; PGRCP kernel−1, PGRCP per kernel; PGY, plant grain

yield; TEGFP,: daily mean temperature during the effective grain-filling

period; TLP, T during the lag phase; VPDEGFP, vapor pressure deficit

during the effective grain-filling period; VPDLP, VPD during the lag
phase

Regarding the relationship between evaluated traits and

weather variables, KWm was strongly and positively asso-

ciated with the amount of intercepted solar radiation and

the PTQ during the effective grain filling (i.e., IRadEGFP

and IPTQEGFP), and to a lesser extent with vapor pressure

deficit at the same period (VPDEGFP) and photothermal con-

ditions during the LP (IPTQLP). The IPTQLP was closely and

positively associated with PGRCP, PGY, and KNP. By con-

trast, mean air temperature, VPD, and intercepted solar radi-

ation during the LP (TLP, VPDLP, and IRadLP), along with

mean temperature during the effective grain filling (TEGFP)

integrated the group of weather variables that were negatively

associated with most of the analyzed traits (Figure 2).

Marked differences among years as well as between geno-

typic groups in their respective spatial ordination patterns

were detected (Figure 2). As already mentioned, genotypic

groups tended to be sorted across the PC2 (D × F to the

upper half and F × F to the bottom half), whereas experimen-

tal years were predominantly sorted across the PC1. The D

× F genotypes tended, on average, towards increased KNP,

PGY and PGRCP (mainly for Y2 and Y4). The F × F types

usually highlighted for PGEGFP and particularly for PGEGFP

kernel−1, since they intercepted mentioned traits on its posi-

tive sense (except in Y3, Figure 2). Regarding experimental

years, hybrids during Y2 and Y4 were grouped, on average,

towards high KWm (projection on the positive sense of the

KWm vector) as well as high KNP (only for D × F types). It

is worth noting the trend observed for Y3, with lowest val-

ues for most traits except for KNP among D × F genotypes

(Figure 2).

3.4 Kernel weight determination by the
source–sink relations in response to changes in
the environment

Mean KW (KWm) was associated with variations in both

source–sink ratios (Figures 2 and 3), although stronger for D

× F than for F × F types (Figures 3b and 3c), whereas KNP

slightly responded to the large variation in PGRCP and only

for D × F (Figure 3a).

For the response of the KWm to the source–sink relation-

ship during the critical period (PGRCP kernel−1), two bilinear

with plateau models were separately fitted (P < .01) for each

genotypic group (Figure 3b), since fit to each data set differed

(P < .01) from each other. The D × F hybrids exceeded F × F

not only in the response of KWm to PGRCP kernel−1 at KWm

values below the plateau (311 ± 48 vs. 177 ± 63 ˚C d) but also

in the threshold to achieve maximum KWm (0.63 ± 0.02 vs.

0.60 ± 0.04 mg ˚C d−1 kernel−1) as well as in the maximum

estimated KWm (294 ± 27 vs. 280 ± 35 mg). By contrast, the

F × F group was superior in the minimum attainable KWm

when no plant growth per kernel is detected (174 ± 27 vs.

97.8 ± 32 mg).

For the response of the KWm to the source–sink relation-

ship during the effective grain filling (PGEGFP kernel−1), two

bilinear with plateau models were separately fitted (P < .001)

for D × F and F × F types (Figure 3c), but a more robust

fit was obtained for the former (r2 = .83; P < .001) than for

the latter (r2 = .30; P < .01). The D × F hybrids consider-

ably overcame F × F in the KWm response to the increase

in PGEGFP kernel−1 (0.60 ± 0.08 vs. 0.18 ± 0.08), and in the

maximum KWm estimated by the model (299 ± 18 vs. 282 ±
27 mg), whereas the F× F group was superior in the minimum
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F I G U R E 3 Response of (a) kernel number per plant (KNP) to

plant growth rate during the critical period (PGRCP), (b) mean kernel

weight (KWm) to PGRCP per kernel (PGRCP kernel−1), and (c) KWm

to plant growth per kernel during the effective grain-filling period

(PGEGFP kernel−1) for 12 hybrids evaluated during four experimental

years (2002–2003, Y1; 2003–2004, Y2; 2013–2014, Y3; 2014–2015,

attainable KWm when no PGEGFP kernel−1 is detected (221

± 22 vs. 138 ± 17 mg). Likewise, all D × F points were above

the 1:1 relationship, whereas a considerable proportion of F

× F data (∼50%) was to the right of the 1:1 relationship. The

former is indicative of apparent reserves use for grain filling

whereas the latter is indicative of an excess of source to fulfill

kernels.

Among evaluated seasons, points representative of Y3 were

located at the lowest source–sink ratio levels (leftmost side of

the x axis), whereas the rest of the years experienced improved

ratios, including data at the plateau of the fitted models

(Figures 3b and 3c). Consequently, the magnitude of the

decrease in both source-sink ratios (PGRCP kernel−1, PGEGFP

kernel−1) was remarkable in Y3 (around −25%) respect to

the average of the other evaluated years (Figure 4). A sim-

ilar trend, but of reduced magnitude (∼12%), was observed

for KWm. The extent of mentioned reductions was substan-

tially higher among D × F than among F × F types, mostly

for KWm, which was constrained more than three times in the

former (17%) with respect to the latter (5%). Likewise, impor-

tant differences were detected between groups in the relative

reduction (Figure 4) computed for PGEGFP kernel−1 (D × F,

−30% vs. F × F, −19%), and PGRCP kernel−1 (D × F, −29%

vs. F × F, −21%).

3.5 Kernel weight and its physiological
components: Responses to the environment

When the physiological determinants of KW were analyzed

during Y3 and Y4, important (P < .05) differences between

seasons were detected for estimated KW (KWe), KMV, and

KGR; however, mentioned differences depended upon the

genotypic group considered (significant Y × GG interaction;

Supplemental Table S1).

The PCA analysis shows KWe was positively associated

with KMWC and KMV, and to a lesser extent with KGR

(Figure 5). There was no relation between KWe and the

duration of the EGFP, and this trait did not vary (P > .05)

with the different years and genotypic groups (Supplemental

Table S1). Regarding both main KWe components (i.e., KGR

and EGFP), they were negatively associated with each other

(Figure 5).

Experimental years were consistently sorted along the PC1,

with red symbols to the left for Y3 and blue symbols to the

right for Y4 (Figure 5). This component explained by itself a

Y4). A single linear model fitted the whole data set of dent by flint (D

× F) genotypes (solid line, n = 24, P < .01) in Panel a, whereas a single

bilinear with plateau model fitted the whole data set of D × F (solid

line, n = 24, P < .001) and flint by flint (F × F, dashed line, n = 24,

P < .01) genotypes in Panels b and c. The dotted line in Panel c

represents the 1:1 relationship
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F I G U R E 4 Relative decrease in Year 3 (Y3) to the average value

across the rest of the evaluated years (Y1, Y2, and Y4) for attributes of

plant growth, source–sink relationships during reproductive stages, and

grain yield and its components for dent × flint (D × F) and flint × flint

(F × F) hybrids. Years 1, 2, 3, and 4 correspond to experiments

developed during 2002–2003, 2003–2004, 2013–2014, and 2014–2015

growing seasons, respectively. Vertical lines represent the standard

error of the mean. Trait description as in Figure 2

F I G U R E 5 Biplot for the first two principal components (PC 1

and PC 2) of 12 hybrids evaluated during two experimental years

(2013–2014, Y3; 2014–2015, Y4) for estimated KW (KWe) and its

physiological components. Genotypes of two groups (D × F: dent by

flint; F × F: flint by flint) are indicated by different symbols. The

enlarged symbols represent the mean value for each genotypic group

(GG) × year (Y) combination. EGFP, effective grain-filling period;

KGR, kernel growth rate; KMV, maximum kernel volume; KMWC,

maximum kernel water content

F I G U R E 6 Mean relative values for estimated kernel weight

(KWe) and its physiological components corresponding to dent by flint

(D × F) and flint by flint (F × F) hybrids. Years 3 and 4 correspond to

experiments developed during 2013–2014 and 2014–2015 growing

seasons, respectively. Vertical lines correspond to standard error of

mean. EGFP, effective grain-filling period; KGR, kernel growth rate;

KMV, maximum kernel volume; KMWC, maximum kernel water

content

half of the total variation. In this sense, trait vectors had posi-

tive trajectories to the right of PC1 (except EGFP), in concor-

dance with the highest average records for most traits in Y4

(Figure 6). However, differences between years were greater

for D × F than for F × F types, as the former were located,

on average, closer to the extremes along the PC1 than the lat-

ter (Figure 5). This was evident for KWe, KGR, and KMV,

which were considerably (P < .05) constrained in D × F in

comparison with F × F hybrids at Y3 (Figure 6).

4 DISCUSSION

In this work, we evaluated the response of hybrids repre-

sentative of two genotypic backgrounds (D × F and F ×
F germplasm) to natural changes in the environment that

occurred during each subphase of grain filling (LP and

EGFP). Our analytical framework combined environmental

characterization with crop physiology and genetic diversity,

highlighting the dependency of KW and its components upon

the environment and the genetic background. The experi-

mental approach enabled us to investigate this dependency

within the experimental limitations of continuous processes

(Messina et al., 2019), as in the case of both interrelated

grain filling subphases that together integrate the whole grain-

filling period. The explored environmental variation included

(a) two growing seasons (Y1 and Y4) with a photothermal

environment (i.e., PTQ) close to mean historical records for

both grain filling subphases, (b) one season (Y2) with above-

average PTQ in both subphases, and (c) one season (Y3) with



HISSE ET AL. 13Crop Science

contrasting PTQ between subphases. The latter corresponded

to 21% of the years for the analyzed series in the region under

study (lowermost right quadrant in Supplemental Figure S2).

Similar climatic variations than those observed in current

research are ensured in breeding programs by means of the

so-called “managed-environments” rather than by including

more years and locations in the same region (Cooper et al.,

1995; de la Vega & Chapman, 2001).

4.1 Kernel weight and its related traits,
plant growth, and source–sink relationship in
response to the photothermal conditions

Maize KW was strongly affected by weather conditions

explored during grain filling, expressing a considerable reduc-

tion in Y3, which had the smallest PTQs during the period

of potential KW determination and during the effective fill-

ing period (Table 1, Figure 1). By contrast, Y2 obtained the

highest KW, in agreement with the most favorable photother-

mal environments explored at both subphases of grain filling.

Differences in photothermal conditions among experimental

years tended to be larger during the effective grain filling than

during the LP (PTQEGFP and IPTQEGFP markedly differed

between Y2 and Y3). Considering both climatic components

of the PTQ (i.e., solar radiation and mean temperature), their

relative impact varied between grain-filling phases.

During the LP, mean temperatures under the prevalent near-

optimum temperature records in Y3 had a negative effect on

grain growth processes, because such conditions represent

the maximum developmental rate and consequently the min-

imum phase duration (Ritchie & NeSmith, 1991). This may

have negatively affected overall assimilates production and

potential KW (Capitanio et al., 1983). High mean and maxi-

mum (larger than 35 ˚C) temperatures during Y3 LP did not

seem to be high enough to increase ear temperature up to

levels conducive to kernel abortion (i.e., direct effect of heat

stress on kernel set). However, such temperatures along with

high VPD records in Y3 did produce a decline in PGRCP,

probably associated with a decrease in radiation use effi-

ciency (Cicchino et al., 2010; Rattalino Edreira & Otegui,

2012; Stockle & Kiniry, 1990; Wahid et al., 2007), affect-

ing the potential KW determination because of source limi-

tations (Figures 3b and 4). On the one hand, described tem-

perature gradients are frequent across maize canopies exposed

to above-optimum temperatures (Rattalino Edreira & Otegui,

2012), being larger in the uppermost organs (i.e., tassel, upper-

most leaves) than in the lowermost ones. This turned out in a

variable incidence of described effects depending upon tem-

perature rise at the individual organ level. On the other hand,

described temperature effects were not correctly assessed by

a simple PTQ of the type used to predict kernel number in a

winter cereal as wheat (Fischer, 1985), for which the chance

in the occurrence of supra-optimum temperatures is usually

negligible. By contrast, in summer crops, the use of the PTQ

should be taken carefully because heat stress episodes are

frequent during the cycle, particularly during reproductive

stages.

In contrast to temperature, incident solar radiation may have

had a preponderant influence during the EGFP (Bonelli et al.,

2016; Cirilo & Andrade, 1996), since the PTQEGFP decrease

recorded in Y3 could be attributed to the great reduction

in incident solar radiation levels rather than to differences

among evaluated years in mean air temperature or in VPDEGFP

(Table 1, Figure 1). Under early sowing at intermediate lati-

tudes, as in the current research, the LP usually develops under

maximum incident solar radiation levels and high tempera-

tures (Bonelli et al., 2016; Maddonni, 2012). In this phase, in

which potential KW as well as KGR are established, the prob-

ability of negative effects associated with above-optimum

temperatures is more critical than the potential reduction in

solar radiation (Maddonni, 2012). As the grain-filling stage

progresses, the decrease in solar radiation levels becomes

more evident, as usually reported for high latitude environ-

ments (Tollenaar, 1983) and late sowings in intermediate lati-

tudes (Bonelli et al., 2016; Maddonni, 2012). Thus, prolonged

cloudy events during the effective grain filling are expected to

be critical for final KW determination, mainly because of the

reduction in the plant capacity (i.e., source activity) to fulfill

the high assimilates demand (i.e., sink strength) established

previously during the critical period (Borrás et al., 2004), as

demonstrated by altered source–sink ratio treatments during

grain filling (Andrade & Ferreiro, 1996; Sala et al., 2007).

The pronounced decrease in KGR recorded during Y3

(Figure 6) can be attributed to the reduction in the assim-

ilate availability per kernel during the critical period (i.e.,

PGRCP kernel−1; Gambín et al., 2006, 2008). The consider-

able reduction in the PGRCP kernel−1 in Y3 can be attributed

to the large decrease in the PGRCP that was not accompanied

by a large reduction in KNP (Figures 3a and 4). The mod-

est response of KNP to the PGRCP was not surprising, since

despite the latter being severely reduced, it remained above

the PGRCP threshold (∼150 mg plant−1 ˚C d−1), beyond

which no further increase in KNP is expected (Gambín et al.,

2006). By contrast, such decline in PGRCP kernel−1 is likely

to produce a decrease in individual kernel sink strength of

the type recorded under reduced irradiance and linked to the

decrease in the number of endosperm cells (Capitanio et al.,

1983; Reddy & Daynard, 1983), with the concomitant nega-

tive effect on potential KW through a decrease in KGR (Gam-

bín et al., 2006). This negative effect on potential KW should

be reflected in a reduced KMWC as well as KMV, which

are defined early in grain filling (Borrás et al., 2003; Bor-

rás & Westgate, 2006). However, mentioned attributes were

slightly constrained in Y3 (Figure 6), despite having been

closely related to the estimated KW (Figure 5). This involves
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the parallel but not totally linked early processes of endosperm

cell division and rapid increase in kernel water content with

the subsequent KGR.

4.2 Responses of dent × flint and flint ×
flint genotypes to the changes in the
grain-filling environment

The D × F hybrids had an increased response to the changes in

the explored environment for most traits (Table 3), in agree-

ment with previous research (Tamagno et al., 2015). Despite

their enhanced sensitivity to the explored growth conditions,

these hybrids were consistently superior for grain yield, ker-

nel number, and plant growth rate across all evaluated years

(Table 3). This reflects the presence of strong genetic dif-

ferences between both genotypic groups, which seemed to

remain little affected by natural changes in environmental

conditions.

Both D × F and F × F genotypes had a similar source–sink

relationship during the critical period, since enhanced PGRCP

of D × F was accompanied by an increased KNP (Figure 3a).

This suggests that differences between genotypic groups in

the KWm would not be related to differences in potential

KW. By contrast, D × F hybrids exhibited a reduced source–

sink ratio during the effective grain filling (Table 2). In addi-

tion, a strong response of the KWm to the PGEGFP kernel−1

was observed for these hybrids (Figure 3c). The constrained

PGEGFP kernel−1 observed for D × F was mostly driven by

an enhanced KNP (sink size) rather than by a reduced plant

growth during grain filling, and this higher sink size would

be the main cause of the increased sensitivity of D × F KW

to the changes in the assimilate supply for growing kernels

(Figure 4). The opposite was observed for F × F genotypes,

because they set an increased source–sink relationship dur-

ing the effective grain filling. Accordingly, a reduced KW

response of F × F to changes in environmental conditions dur-

ing active grain filling was detected, with a condition of excess

in the source of assimilates to fulfill kernels growth in a large

proportion of F × F hybrids by year combinations (Figure 3c),

as reported by Cirilo et al. (2011) for commercial flint geno-

types. Current results are supported by findings of Echarte

et al. (2006), who called attention on the lower KW stabil-

ity of modern semident Argentine hybrids respect to the old

flint types in response to source reductions along grain filling,

such as those experienced by delayed sowings (Bonelli et al.,

2016) that today represent ∼50% of the area cropped to maize

in Argentina (Gago et al., 2018).

Despite the similar PGRCP kernel−1, and consequently the

similar potential KW of both groups of genotypes, the F × F

hybrids exhibited on average reduced KWe, KGR, KMWC,

and KMV (mostly under the most favorable environment of

Y4), all grain-filling traits that strongly depend on poten-

tial kernel size. Evidently, genotypic groups differed in their

capacity to use available assimilates per kernel during the LP.

This assertion is supported on the fact that differences in seed

composition (protein, oil, and starch proportion) implied that

grains involving a larger proportion of high cost components

in terms of energy (i.e., protein and oil), such as those cor-

responding to flints, produced a more stable KW (Tamagno

et al., 2016). This response was evident for F × F in Y4, where

increases in assimilate supply per grain were not reflected in

increments of KW.

5 CONCLUSIONS

Current research contributed to understand germplasm differ-

ences in KW and its physiological determinants in response

to changes in the photothermal environment explored dur-

ing grain filling across a wide range of naturally variable

growing conditions. Differences in the PTQs across seasons

were mainly detected during active grain filling (PTQEGFP)

and were predominantly linked to reduce incident solar radi-

ation levels recorded in Y3. For this year, a marked disrup-

tion was observed between PTQs computed for each grain-

filling phase, with environmental conditions during the effec-

tive grain filling that did not allow the realization of the poten-

tial established during the LP. Such condition may occur in

21% of the years for early sown maize in the region under

study. Supra-optimum temperatures during the LP of Y3 had

a negative effect on the potential sink determination, which

was caused by a reduction in the PGRCP that did not affect

kernel set but promoted a decrease in the source–sink relation-

ship, and consequently on KGR. Hybrids D × F had increased

grain yield, kernel number, and plant growth rate throughout

evaluated years, but they were also much more sensitive than

F × F to stressful conditions during the effective grain filling.

The narrowed source–sink ratio experienced by D × F types

during grain filling was mainly driven by their enhanced KNP

respect to F × F. This difference between genotypic groups

would explain their contrasting sensitivity (D × F > F × F) to

changes in the explored photothermal environment.
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