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a  b  s  t  r  a  c  t

Argentina  is  the worldwide  single  maize  (Zea mays  L.)  exporter  of  non-GMO  flint  maize, also  called  plata
maize.  This  grain  is known  for high  dry-milling  yields,  the production  of  large  endosperm  grits  and  specific
cooking  functional  properties.  But,  this  special  maize  has  lower  yields  at farmer  fields  when  compared  to
regular  dent  germplasm,  and  studies  describing  the  physiological  characteristics  behind  this  are  scarce.
Our  objective  was  to understand  differences  in  yield  determination  mechanisms  between  flint  and  dent
commercial  germplasm  for the  temperate  area.  We  characterized  31  genotypes  (24  dent  and  7 flint)
growing  at  five  different  environments  for describing  their  yield  differences,  and  also  described  specific
physiological  traits  to  unravel  the mechanisms  behind  these  yield  differences.

Grain  yield,  KNP,  KW, plant  growth  rate  and  biomass  partitioning  around  flowering,  kernel  set  efficiency
per  unit  of  accumulated  ear  biomass  at flowering  and  assimilate  availability  per kernel  during  flowering
all  showed  significant  kernel  type  (flints  vs. dents)  effects  (p < 0.05).  And  significant  genotype  differences
within  each  kernel  type  were  evident  for  all traits  (p  < 0.01).  Flint  kernel  type  showed  lower  yields  (ca.
80%  of dents)  due  to  reduced  KNP  and  KW.  This  lower  KNP  in  flints  was  mostly  related  to  a  lower  plant
growth  rate around  flowering,  although  they also showed  a reduced  biomass  partitioning  to  the  ear
during  this  period.  Flint  genotypes,  however,  showed  higher  kernel  set  efficiency  per  unit  of  accumulated
ear  biomass  when  compared  to  dents  (p  <  0.01).  Lower  KW  in  flints  was  related  to a reduced  assimilate

availability  per  kernel  around  flowering  (p <  0.01),  both  kernel  types  showed  similar  assimilate  availability
per  kernel  during  grain  filling  (p  > 0.05).  This  indicated  flint  and  dent  kernel  types  had  the  same  amount
of  assimilates  to fulfill  their  early  established  potential  KW.  Our  results  emphasize  the  importance  of  the
flowering  period  for understanding  yield  differences  between  flints  and  dents,  and  biomass  accumulation
rate  during  this  period  was identified  as  a key  trait for increasing  flint  yields.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Argentina is a historically consistent maize exporter, and one
f the five largest producers of maize worldwide. It is also the
ingle maize exporter of non-GMO flint maize, also called plata
aize. Argentine flint maize is well known for high dry-milling

ields and the particular quality that provides to a wide range
f end-products, like breakfast cereals, snacks, and other tex-

ured ingredients (Rooney and Serna-Saldivar, 2003). Flint kernels
ossess a major proportion of high density vitreous endosperm,
ssociated with kernel hardness. Kernel hardness prevents grain

Abbreviations: KNP, kernel number per plant; KW,  kernel weight.
∗ Corresponding author. Tel.: +54 341 4970080; fax: +54 341 4970080.

E-mail address: santiago.tamagno@unr.edu.ar (S. Tamagno).

ttp://dx.doi.org/10.1016/j.eja.2015.04.001
161-0301/© 2015 Elsevier B.V. All rights reserved.
damage during mechanical harvesting, manipulation and storage,
and is specially appreciated for the production of large endosperm
grits (Paulsen and Hill, 1985). The European Union has a special
import permit for hard endosperm maize (Commission Regulation,
1997) that has traditionally been sourced only by flint maize from
Argentina. During the last two decades Argentina has exported to
the European Union around 350.000 metric tons per year of this
special grain (SENASA, 2012).

In the last decades the introduction of dent germplasm has
contributed to large increases in yield potential of Argentinean
commercial genotypes (Brun and Dudley, 1989). The higher yield of
GMO dent maize at production fields has led to a massive use of dent

and semi-dent genotypes by farmers. Flint non-GMO production
fields are currently conducted under contract, and farmers are paid
a premium for this special product. Studies describing crop man-
agement options and physiological characteristics of flint hybrids

dx.doi.org/10.1016/j.eja.2015.04.001
http://www.sciencedirect.com/science/journal/11610301
http://www.elsevier.com/locate/eja
http://crossmark.crossref.org/dialog/?doi=10.1016/j.eja.2015.04.001&domain=pdf
mailto:santiago.tamagno@unr.edu.ar
dx.doi.org/10.1016/j.eja.2015.04.001
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re scarce. Cirilo et al. (2011) described many traits related to
ield performance of several flint genotypes grown under different
gronomic practices. They did not, however, determined the traits
hat are behind yield differences among flint and dent germplasm.

ost research using Argentinean genotypes are focused on dent
ermplasm (Gambín et al., 2006; Hernández et al., 2014). When
ents are compared to other kernel types, like popcorn, it is evident
here are specific differences in crop physiological traits that are
ehind yield and environmental responses (Severini et al., 2011).

Maize yield is determined by the number of harvested kernels
nd their individual weight (Otegui, 1995; Chapman and Edmeades,
999). Kernel number is commonly considered the main yield com-
onent, highly correlated with final grain yield (Andrade et al.,
999). Kernel number determination is specifically related to three
hysiological processes, (i) the rate of plant biomass accumulation
round flowering, (ii) the proportion of the plant biomass that is
artitioned to the reproductive structure bearing the kernels (ear)
uring this period, and (iii) the kernel set efficiency per unit of accu-
ulated biomass at the ear level during the flowering period (Vega

t al., 2000). These three traits determine different physiological
trategies for kernel set determination (e.g., high kernel set effi-
iency, plant growth rate or biomass partitioning). It is known that
urrent commercial maize genotypes in Argentina vary for all these
raits (Hernández et al., 2014). It is not known, however, if there
re consistent kernel type differences in these yield determination
raits when flint and dent germplasm is compared.

Although most yield variations are related to differences in
ernel number determination, genotype and environmental varia-
ions in kernel weight (KW) can also affect grain yield. Genotypic
ifferences in KW among Argentinean commercial genotypes are
ommon (Borrás and Gambín, 2010). Differences in KW can be
elated to changes in the potential weight established early after
owering, or in the capacity of the crop to fulfill this poten-
ial. Working with a reduced set of genotypes Cirilo et al. (2011)
ave shown that kernel hardness is correlated with post-flowering
ssimilate availability per kernel, supporting the hypothesis that
int genotypes should have higher values when compared to dents.
ifferences in KW among dent and popcorn genotypes, however,
re mostly related to changes in potential KW established at flow-
ring, and these differences are related to the assimilate availability
er kernel during the flowering period, when kernels are being set
Severini et al., 2011). This is also the mechanism behind most geno-
ypic KW differences among dent commercial genotypes (Gambín
t al., 2006).

Our general objective was to understand differences in yield
etermination between flint and dent commercial genotypes. In
his particular study we first characterized a large number of
int and dent genotypes growing at different environments for
escribing their yield differences. We  latter described specific phys-

ological parameters to further understand the mechanisms behind
hese yield differences.

. Materials and methods

.1. Sites and crop management

Thirty one commercial genotypes were tested in five environ-
ents. Locations were Venado Tuerto (33◦45′S 61◦58′W),  Franck

31◦35′S 60◦56′W),  Laguna Larga (31◦77′S 63◦80′W),  and Zavalla
33◦1′S, 60◦53′W).  All trials were planted early during the grow-
ng season, between 15 September and 17 October, during the

012/2013 growing season except at Zavalla were two seasons
ere tested (2011/2012 and 2012/2013). Plots were four rows

.5 m long with 0.52 m row spacing. They were over planted and
and-thinned at V3 (Abendroth et al., 2011) to a uniform stand
onomy 68 (2015) 50–56 51

density of 8 pl m−2. All measurements were done using the two
central rows. The crops were all fertilized with 100 kg N ha−1 as
urea (46-0-0 N-P-K) at V4 and 16 kg N ha−1 as monoammonium
phosphate (10-50-00) at planting. Weeds and pests were controlled
with common agronomic practices. Insect pressure was specifically
monitored and controlled throughout the season for minimizing
any possible effect.

Genotypes represented the most common commercial hybrids
used by farmers in the temperate Argentinean central region, and
were sourced from different companies. Twenty four genotypes
were regular GMO  dent (or semi-dent) kernel type. Seven geno-
types were non-GMO flint kernel type. These seven flint genotypes
are widely used by both local dry-milling industry and exporters.

2.2. Phenotypic measurements

Yield was  analyzed by harvesting the two central rows from each
plot. Additionally, in the two trials conducted in Zavalla several
plant biomass measurements during the flowering and grain filling
periods were done.

In both experiments at Zavalla fifteen consecutive plants were
selected from the central rows and tagged 20 days (d) before flow-
ering. A non-destructive alometric method for biomass estimations
was used for measuring plant growth rate and plant biomass par-
titioning. The method based on allometric relations provides an
accurate measure of plant biomass corresponding to tagged plants
that remain in the field until harvest. We  use this model to quan-
tify total plant biomass at the individual plant level at the pre- and
post-flowering stages (Vega et al., 2000; Borrás et al., 2009) for all
15 plants per replicate. Allometric models were developed from
three additional tagged plants per replicate, which were immedi-
ately harvested after being measured. Shoot biomass was obtained
after cutting plants in small pieces and drying them in a forced-
air oven at 65 ◦C for at least 7 d. The pre-flowering models were
based on the linear regression between shoot biomass (15 d before
50% anthesis; DBA) and stem volume. Stem volume was calculated
from plant height (ground level up to the uppermost leaf collar) and
stem diameter at the base of the plant. The post-flowering biomass
sample was  taken 15 d after 50% anthesis (DAA), and the allomet-
ric models utilized stem volume and maximum apical ear diameter
with husks. A unique allometric model was made for each genotype
at each growing season.

At physiological maturity (defined as 75% milk line; Hunter et al.,
1991) all tagged plants were harvested and used to measure kernel
number per plant (KNP), average KW per plant, and grain yield per
plant. The above-ground weight of five consecutive plants per plot
was measured after drying in a forced-air oven at 65 ◦C.

Plant growth rate around flowering (mg plant−1 ◦Cd−1) was
calculated as the difference between the post-flowering and the
pre-flowering biomass divided by the accumulated thermal time
between sample dates (base temperature of 8 ◦C; Eq. (1)).

PGR (mg  plant−1◦Cd−1)

= Estimated biomass (mg  plant−1)DAA − Estimated biomass (mg  plant−1)DBA

thermal time between samples
(1)

Ear biomass at 15 days after 50% anthesis was used to determine
the partitioning coefficient of total above-ground plant biomass to
reproductive structures, and calculated as the ratio between the ear
biomass per plant (g plant−1) and the total above-ground biomass
(g plant−1), both measured at 15 days after 50% anthesis (Eq. (2)).
Partitioning Coefficient (%) = Estimated ear biomass (g plant−1)15DAA

Estimated biomass (g plant−1)15DAA
(2)

Kernel set efficiency was  calculated as the ratio between kernel
number per plant and ear biomass 15 days after 50% anthesis (Eq.
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genotypic differences within each kernel type (Table 2).
The partitioning of plant biomass to the ear around the flow-

ering period was also significantly different when kernel types
are compared (p < 0.001). Biomass partitioning was lower in flint

Table 1
Average yield of 24 dent and 7 flint genotypes grown at five environments. Yield
(Mg  ha-1) is reported with 14.5% grain moisture. For specific individual genotype
data  see Supplemental Table 1.

Zavalla Zavalla Franck Venado Laguna
2011/2012 2012/2013 Tuerto Grande

Average environment 11.6 11.1 11.2 15.7 13.2

Average dent 12.1 11.5 12.0 16.5 13.7
Average flint 9.9 10.0 8.4 12.7 11.3
Flint–dent ratio 82% 87% 70% 77% 83%

Environment (E) ***

Kernel type ***

Genotype (kernel type) ***
2 S. Tamagno et al. / Europ

3)).

Kernel Set Efficiency (kernel g−1)

= Kernel plant−1

Estimated ear biomass (g plant−1)15DAA

(3)

Assimilates available per kernel around flowering (mg ◦C−1

ernel−1) was determined as the ratio between plant growth rate
uring this period and the kernel number per plant counted at har-
est. Assimilates available per kernel during grain filling (mg ◦C−1

ernel−1) was calculated as the ratio between plant growth rate
uring this period and final kernel number per plant.

Thermal time to flowering was calculated as the thermal sum
◦Cd) using a base temperature of 8 ◦C from planting to anthesis.
rain-filling duration was calculated as the thermal sum using a
ase temperature of 0 ◦C (Muchow, 1990; Borrás et al., 2009) from
nthesis to physiological maturity.

.3. Statistical analysis

For analyzing kernel type, genotype, location and all possible
nteractions we did an ANOVA fitting a general linear model with
enotype nested inside kernel type using the GLM procedure (SAS
nstitute, 1999). Field experiments had completely randomized
lots with three replications per genotype.

In order to have a visual ordination of the different genotypes
nd its multiple trait relationships a Genotype-Trait (GT) bi-plot
as done using R software (R Core Team, 2013). The results of

he ordination analysis were presented in three different bi-plots,
ne including yield per plant and its numerical components (KNP
nd KW), a second including KNP and the three physiological
echanism studied behind KNP differences (partitioning coeffi-

ient, kernel set efficiency and plant growth rate), and a third one
ith KW and the two possible mechanism behind KW differences

assimilates available per kernel around flowering and assimilates
vailable per kernel during grain-filling). This allowed identifying
ifferences between flint and dent kernel types. Because analyzed
raits have different units standardization was needed (Yan and
ajcan, 2002).

. Results

.1. Yield and phenology differences between kernel types

Yield results showed environment, kernel type and genotype
ithin kernel type significant effects, and the interactions envi-

onment × kernel type and environment × genotype within kernel
ype were also significant (p < 0.001; Table 1). This indicated that
here were significant differences between flints and dents, and
hat genotypes within each kernel type had different yields. It also
ndicated that the different yield between flints and dents was  not
onstant across the environments tested. On average flints yielded
0% of dents, across environments yielding 11.1–15.7 Mg  ha−1

Table 1). The highest yield difference between flints and dents was
bserved at Franck, with flints yielding 70% of dents, and the lowest
ield difference at Zavalla during 2012/2013, where flints yielded
7% of dents.

There was no trend showing yield difference to be higher at envi-
onments with lower or higher yields. The significant interaction
etween environment and kernel type did not represent an impor-

ant fraction of the total variability (i.e., 3%). At the same time, the
nteraction environment × genotype within kernel type explained
5% of total variability, showing that genotypes within each kernel
ype did show significant yield variability across environments.
onomy 68 (2015) 50–56

There was  a significant kernel type effect on time from plant-
ing to flowering and time from flowering to physiological maturity
(p < 0.001, Table 2), but the time from planting to physiological
maturity was similar (p > 0.05, data not shown). Flint kernel type
showed a slightly shorter time from planting to flowering, and
a slightly longer time from flowering to physiological maturity
when compared to dents. It is relevant to emphasize that although
phenology differences between kernel types were statistically sig-
nificant they were biologically not relevant.

However these kernel type phenology small differences it is
important to emphasize that clear genotype differences in phenol-
ogy within each kernel type were evident (p < 0.001).

3.2. Yield components: kernel number and kernel weight

Yield components were analyzed at Zavalla during two grow-
ing seasons (2011/2012 and 2012/2013). Kernel number per plant
was significantly different between kernel types (p < 0.001, Table 2),
where dent genotypes produced more kernels per plant than flints.
There were also significant genotype differences within each kernel
type (p < 0.001).

Kernel weight was significantly higher in dents when com-
pared to flints, and significant variation existed among genotypes
within each kernel type (p < 0.001, Table 2). Differences between
environments was also significant for this trait (p < 0.01). The inter-
actions environment × kernel type and environment × genotype
within kernel type were significant at p < 0.05 and p < 0.01, respec-
tively. These results indicated that KW differences between flints
and dents were not always similar, and that genotypes within each
kernel type varied their KW differently across growth environ-
ments.

3.3. Plant growth rate around flowering, biomass partitioning
and kernel set efficiency around flowering

In order to understand the mechanisms why flint genotypes
showed lower kernels per plant when compared to dents we stud-
ied specific traits related to plant growth. We  were specifically
interested in understanding if kernel types showed differences in
plant growth rate around the flowering period, in biomass parti-
tioning to the ear during this same period, and in the efficiency in
kernel set per unit of accumulated ear biomass at around flowering.

Flint genotypes showed a reduced plant growth rate around
flowering when compared to dents, and there were significant
E x kernel type ***

E x genotype (kernel type) ***(2.2)a

*** p < 0.001.
a L.S.D. is the least significant difference at p < 0.05.
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genotypes when compared to dents. Values for flint genotypes var-
ied from 0.08 to 0.14 g g−1, and dents showed a range from 0.10 to
0.18 g g−1. There was  no kernel type interaction with the environ-
ment (p > 0.05), but only genotypes within each kernel type showed
to significantly interact with the growing season (p < 0.001).

As a consequence of lower plant biomass accumulation rate
during flowering and a lower partitioning of this biomass to the
developing ear flint genotypes showed lower ear biomass accumu-
lation 15 days after anthesis when compared to dents. Averaged
across environments and genotypes within each kernel type, accu-
mulated ear biomass at the end of the flowering period in flints
genotypes was  ca. 20% less than dents (16.4 g pl−1 in flints and
20.3 g pl−1 in dents).

Kernel set efficiency per unit of accumulated ear biomass was
higher in flints than dents (33 kernel g−1 vs. 27 kernel g−1, for
flints and dents, respectively, p < 0.001). Large significant genotype
differences in kernel set efficiency within each kernel type were
evident, for example the flint genotypes ACA929 and MILL522 pre-
sented average values across environments of 24 and 53 kernel g−1,
respectively.

3.4. Assimilates available per kernel around flowering and
grain-filling

As differences in yield between kernel types were not only
related to differences in KNP but also to KW differences, we fur-
ther studied traits related with KW determination. We  analyzed
the relationship between final KW and availability of assimilates
per kernel around flowering and grain-filling periods. Differences
in assimilate availability per kernel during the flowering period are
known to impact in the potential KW established during the early
stages of grain filling, while differences in assimilate availability per
kernel during the effective grain-filling period are known to affect
the capacity of the plant to full-fill the potential KW established
earlier.

Assimilate availability per kernel around flowering showed
significant differences between environments, kernel type and
genotypes within kernel type (p < 0.001; Table 2). The interactions
environment × kernel type and environment × genotype within
kernel type were significant (p < 0.001).

Assimilates available per kernel during the grain-filling period
was not different when kernel types are compared, only for
genotypes within each kernel type (p < 0.001). The interaction
environment × kernel type was not significant, but only the envi-
ronment × genotype within kernel type was (p < 0.001).

The relationship between genotype specific KW and its assim-
ilate availability per kernel around flowering was significant
(p < 0.01, r2 = 0.30). However, no significant correlation was found
between genotype specific KW and assimilate availability per ker-
nel during the grain-filling period. These results help understand
that the lower KW of flint genotypes when compared to dents was
mostly related to a lower assimilate availability per kernel during
the period when potential KW is being established (around flow-
ering). It was  not related to a reduced assimilate availability per
kernel during the effective grain-filling period. The same was  true
for understanding differences among genotypes within each kernel
type.

3.5. Physiological strategies for each kernel type

We did an ordination analysis for genotypes and traits (GT bi-
plot) to further understand and describe kernel type differences in

yield, KNP and KW differences (Fig. 1).

Fig. 1 describes the ordination analysis depicting genotype yield
per plant and how it correlated with its two numerical components
KNP and KW.  With this analysis it became evident that genotypes
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Fig. 1. Bi-plot of first and second principal components for flint and dent genotypes.
Dent genotypes are represented as full circles and flint genotypes as empty triangles.
Traits are represented as black arrows. (A) represents grain yield per plant (GYP)
and its two numerical components (KNP, kernel number per plant, and KW,  kernel
weight); (B) represents kernel number per plant and its relation with the three
physiological mechanisms studied (PGR, plant growth rate during the flowering
period, PC, partitioning coefficient of plant biomass during flowering to the ear,
and KSE, kernel set efficiency per unit of accumulated ear biomass). (C) represents
kernel weight and its relation to the two physiological mechanisms studied (AKF,
assimilate availability per kernel during flowering, and AKGF, assimilate availability
per  kernel during the grain filling period).
onomy 68 (2015) 50–56

with the highest yields had different combinations of KNP and KW.
Most important, dents and flints could be clearly grouped due to
their contrasting yield. Flint genotypes were grouped as the lowest
yielding ones due to poor combinations of both numerical compo-
nents, KNP or KW.

Genotype KNP was analyzed in relation to its physiological com-
ponents (plant growth rate, biomass partitioning and kernel set
efficiency, Fig. 1B). Plant growth rate was  highly correlated with
KNP, both vectors mostly overlapping, while biomass partitioning
and kernel set efficiency showed poor association with these two
traits. Biomass partitioning and kernel set efficiency were nega-
tively correlated. When analyzing how flints and dents grouped, it
was evident that flint genotypes had reduced KNP when compared
to dents mostly due to lower plant growth rates during the flow-
ering period. Specific flint genotypes showed higher than average
kernel set efficiency or biomass partitioning, but these traits were
predominantly not correlated to KNP.

When analyzing KW and the two analyzed traits, assimi-
late availability per kernel around flowering and around the
grain-filling period, genotype KW was positively associated with
assimilate availability per kernel during flowering. Flint genotypes
had lower assimilates available per kernel during the flowering
period, while mostly similar to dents during the grain-filling period.

4. Discussion

Flint kernel type showed lower yields compared to regular dent
germplasm (flints yielded on average ca. 80% of dents), and results
showed the trend was  mostly consistent across environments. Yield
selection in flint germplasm is conditioned by a minimum grain
quality level demanded to reach a specific quality norm (MAGyP,
2015) and the expectations of mills and final consumers (Gwirtz
and Garcia-Casal, 2014). This restriction implies an extra breeding
effort. Historically yield improvement in crops has carried a nega-
tive trade-off with grain quality (Duvick and Cassman, 1999; Weih,
2003). Many cases have been reported in crops other than maize
where selection of cultivars for high grain yield implied grain qual-
ity reductions. Anderson et al. (1997) found reductions in grain
quality for high yielding cultivars in wheat. In soybean, negative
correlations between yield and protein concentration have been
described in many studies (Wilcox and Guodong, 1997; Wilcox and
Shibles, 2001; Rotundo et al., 2009). It is evident that breeding for
yield and maintaining (or increasing) grain quality at the same time
is feasible, but could limit genetic yield gains.

Flint genotypes have shown that their lower yields are due to
reduced KNP and KW (Fig. 1A). The most important mechanism
behind flint genotypes setting lower KNP was  a reduced plant
biomass accumulation rate around flowering. There were some
differences between kernel types in terms of plant biomass par-
titioning around flowering and in kernel set efficiency per unit
of accumulated biomass, but it is evident from Fig. 1B that the
main driver for KNP differences between flints and dents was plant
growth rate differences. Previous studies described differences in
plant biomass partitioning around flowering between commercial
dent genotypes to describe genotypic differences in yield deter-
mination and genotype × environment interactions (Echarte et al.,
2004; Echarte and Tollenaar, 2006; Borrás et al., 2009). And new evi-
dences show that genotype differences in plant growth rate around
flowering are common (Hernández et al., 2014; Amelong et al.,
2015). Our study has shown that the genotypes with the highest

yields were the ones with the highest plant growth rate irrespec-
tive of kernel type (Fig. 1B). These results highlight the relevance of
high plant biomass accumulation at around flowering for achieving
high kernel numbers.
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The present study re-enforces the issue that maize genotypic
ifferences in KW are usually related to changes in assimilate
vailability per kernel at the same time kernel number is being
etermined, and not during the period when kernels are being
lled (Sadras, 2007; Gambín and Borrás, 2010). This was the case

or a smaller set of maize commercial genotypes (Gambín et al.,
006), and was also true when popcorns and dents were compared
Severini et al., 2011). Kernel sink capacity is established during the
arly stages of kernel development, and maize final KW is highly
ependent upon this (Borrás and Gambín, 2010). Cirilo et al. (2011)
ave shown that plant growth per kernel during the grain-filling
eriod was critical for the size and hardness of maize kernels, but
he study was more related to changes in crop management for a
educed set of genotypes rather than understanding mechanisms
ehind genotypic differences.

It is important to emphasize that the present article describes
lant physiological mechanisms for genotypes that are currently
ommercialized in Argentina. And we focused on these plant
ttributes because we understand they could be independently
anipulated from kernel quality. Our working hypothesis is that

he plant traits that are different between kernel types (flint and
ents) do not have any direct impact on kernel quality. We hypoth-
size they are independent, and that there is room for improving
ield through many of the identified mechanisms without nega-
ively impacting grain quality. It is known, however, that plant
rowth and biomass partitioning to developing kernels do affect
rain composition (Borrás et al., 2002; Cirilo et al., 2011). But we
lso consider that kernel hardness is mediated by small genetic
hanges, and known correlations between protein concentration
nd kernel hardness might be spurious correlations driven by only
ome specific minor proteins. There is a need to determine which
pecific kernel attributes contribute to kernel hardness, like specific
ein profiles within the kernel endosperm (Lending and Larkins,
989; Robutti et al., 1997; Holding and Larkins, 2006).

. Conclusions

Dent genotypes showed higher yields when compared to flints
cross all environments tested. However, there were large geno-
ype differences in yield within each kernel type, both in flints and
ents.

Lower yields in flint genotypes when compared to dents were
elated to lower KNP and KW.  These differences were mostly
elated to flint kernel type having a lower plant biomass accumu-
ation rate around the flowering period, and a lower plant growth
er established kernel also during the flowering period. There were
o differences in plant growth per kernel during the grain-filling
eriod when kernel types are compared, showing that flint and
ent kernels do have the same amount of assimilates to fulfill
heir potential KW established early during grain filling. Flints also
howed lower plant biomass partitioning to the growing ear dur-
ng flowering and a higher kernel set efficiency when compared to
ents, however these differences were more marginal.
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