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Abstract NAC proteins are plant transcription fac-
tors involved in biotic and abiotic stress responses,
with conserved sub-domain motifs. To our knowl-
edge, no diversity studies have been carried out at
the nucleotide level of candidate NAC genes of
crops. Here, we investigated allele diversity and pu-
tative protein-coding sequences in two paralogous
maize NAC genes, GRMZM2G179885 and
GRMZM2G347043. The GRMZM2G179885 gene
is the closest ortholog of WNAC-B1, responsible for
enhancing nitrogen remobilization and senescence in
wheat. The GRMZM2G347043 gene is the homolog
to the characterized ZmSNACI allele, which pro-
motes the dehydration tolerance response in
Arabidopsis. Nucleotide diversity for both genes
was determined in a core set of the Argentine public
maize collection of temperate inbred lines structured
in four diverse subpopulations. The frequency of
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nucleotide changes at both exons and introns of
GRMZM2G179885 and GRMZM2G347043 was
lower (1/137 bp-1/83 bp and 1/472 bp-1/51 bp, re-
spectively) than that of other maize genes. Tajima’s D
values were non-significant, indicating the absence
of selection at these genes. The five sub-domains of
NAC proteins were predicted at both genes, thus
implying: (i) high conservation of these two genes
at the genomic level, and (ii) scarce divergence be-
tween GRMZM2G179885 and GRMZM2G347043
protein-coding sequences, which confirms their rela-
tionships as ancestral paralogs. Although the func-
tional activity of both genes in maize metabolism is
still unclear, our findings contribute to demonstrating
that their NAC proteins are common alleles and
would serve as a source for abiotic stress improve-
ment in the Argentine public maize inbred line
collection.

Keywords ZmSNAC! - WNAC-BI - Orthologous -
Paralogous - Population diversity - Synteny - Domain
conservation

Introduction

NAC (NAM/ATAF/CUC) proteins are plant transcrip-
tion factors involved in resistance to biotic and abiotic
stress (Puranik et al. 2012). At the phenotypic level,
these transcription factors play essential roles in several
physiological processes, such as senescence and N re-
mobilization from vegetative tissues to grains (Uauy
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et al. 2006b), as well as in tolerance to salt (Hu et al.
2006), dehydration (Lu et al. 2012), oxidative stress
(You et al. 2013), low temperatures (Mao et al. 2014)
and disease (Nakashima et al. 2007; Ayyanagouda and
Bashashab 2013; Muthiah et al. 2013). These findings
indicate that NAC transcription factors may be useful
targets to improve genetic gains in crop plants via bio-
technological approaches, particularly under abiotic
stresses (Nuruzzaman et al. 2013; Shao et al. 2015;
Wang et al. 2016b). Particularly in maize, several
NAC members have been functionally characterized
(Zimmermann and Werr 2005; Liu et al. 2009; Verza
et al. 2011; Lu et al. 2012; Voitsik et al. 2013; Shiriga
et al. 2014; Lu et al. 2015; Mao et al. 2015; Peng et al.
2015; Mao et al. 2016; Wang et al. 2016a). In contrast,
diversity studies of functional NAC alleles in the maize-
breeding population and studies about the contributions
to maize yield and ecophysiological related traits are still
scarce.

The phenotypic variation of a trait in a breeding
population may be correlated with the genetic diversity
at the genome or at the candidate gene level, which is the
base of mapping association studies to identify quanti-
tative trait loci (QTLs) (Flint-Garcia et al. 2005; Wallace
et al. 2014). Diversity analysis of candidate genes by
allele mining in breeding populations may facilitate
identification of useful allelic variations to be exploited
in breeding programs (Iyer-Pascuzzi et al. 2007). Also,
allele mining can be effectively used to find superior and
naturally occurring alleles by syntenic relationships
among species (Kumar et al. 2010).

In crops, NAC transcription factor proteins seem to
be conserved at the molecular level. NAC proteins
contain a N-terminal dimerization and DNA binding
domain, the NAC domain, and diverse C-terminal tran-
scription regulatory domains involved in specific inter-
actions with DNA and other proteins (Podzimska-Sroka
et al. 2015). Phylogenetic analysis by whole-genome
sequence analysis of nine major lineages of land plants
has shown that most angiosperms have more than 100
NAC transcription factors. The traditional NAC region
consists of five sub-domains: A, B, C, D, and E. Since
the sub-domain E is not always present, it is not includ-
ed in phylogenic studies (Zhu et al. 2012). In maize, the
MEME server (http://meme-suite.org/) has allowed the
detection of 32 putative motifs in the NAC family of
maize, 13 of which have known functions, providing
crucial information to predict the roles of these motifs in
developing a particular phenotype (Shiriga et al. 2014).
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Studies on synteny have revealed that all grass spe-
cies sequenced to date share an ancient whole-genome
duplication from the pre-grass ancestor (Schnable et al.
2012). In maize, relatively recent whole-genome dupli-
cation has been found just subsequent to the divergence
of this lineage from the common ancestor of sorghum
(Swigonova et al. 2004). As a result of the whole ge-
nome duplication in the common ancestor of grasses
and maize, four genomes are predicted to be contained
within the maize genome. Therefore, duplication of
NAC genes in the maize genome is likely to be found
(Fan et al. 2014). The CoGe comparative genomics web
platform (Lyons et al. 2008) and the public web inter-
face PlantSyntenyViewer (http://urgi.versailles.inra.fi/)
may help to structurally compare wheat and other
grasses and to incorporate transcriptome and
epigenetic differences among cereals (Murat et al.
2014).

Syntenic relationships between maize and Triticeae
crop species (Devos and Gale 1997) provide a great
opportunity for the application of the allele mining
strategy. Wild emmer wheat [Triticum turgidum ssp.
dicoccoides (DIC)] is the ancestor of cultivated durum
wheat (7. turgidum ssp. durum). The wild type TtNAM-
B1 (functional WNAC-B1) allele has been found in all
42 and in 17 of the 19 domesticated emmer accessions
examined in previous studies; however, cultivated
durum wheat carries a nonfunctional WNAC-BI allele
(Uauy et al. 2006a; Uauy et al. 2006b). WNAC-BI is a
NAC transcription factor associated both with leaf se-
nescence and with a more efficient remobilization of
nitrogen (N) from the vegetative tissues to the wheat
grain (Uauy et al. 2006a). Natural allelic variants of the
ortholog WNAC-B1 have been suggested to increase or
decrease protein content in the grain of small grain
cereals such as rice, maize, and forage grasses
(Dubcovsky et al. 2009). Other studies, however, have
found that the rice ortholog Os07g37920 is not involved
in senescence but in anther fertility (Distelfeld et al.
2012). In maize, the potential contribution of the maize
ortholog WNAC-B1 associated with N metabolism is
still unknown and hence studies on both diversity and
functional analysis in contrasting phenotypes are need-
ed. Since N is the most limiting macronutrient that
determines grain yield of most cereals, the elucidation
of the genetic basis of complex traits such as N-use
efficiency (NUE) and N remobilization is of main inter-
est. However, no NUE specific gene has been mapped to
date (Han et al. 2015).
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Transcription factors that regulate gene expression
in response to various abiotic stresses, including water
deficit conditions (drought), have been identified and
the proof-of-the-concept validated (Mattoo et al.
2015). Among them, the ZmSNAC1 gene allele from
the maize inbred line CN165 seems to be a promising
source of drought stress tolerance (Lu et al. 2012).
Since overexpression of ZmSNAC! allows enhanced
tolerance to dehydration of transgenic Arabidopsis,
this gene is a potential target for the design of
drought-tolerant crops. A similar approach in sorghum
has demonstrated that its ortholog SOSNAC1 is another
candidate gene to improve stress tolerance in crops (Lu
et al. 2013). Local maize-breeding programs would
benefit from a functional ZmSNAC1 allele that confers
such a characteristic. However, little is known about
the genetic diversity of ZmSNAC! in breeding
populations.

The genetic diversity of the Argentine public temper-
ate inbred maize collection has been previously assessed
by microsatellite analysis (Olmos et al. 2014a; Olmos
et al. 2016). This collection includes orange flint germ-
plasm and a group of temperate inbred lines, and the
population is structured into four main subpopulations:
the P465-, Argentine X Caribbean Derived Stocks
(ACDS)-, LP299-2-, and Iowa Stiff Stalk Synthetic
(BS13-BSSS)-related lines. A set of inbred lines from
this collection has been phenotyped under different soil
N conditions (D’Andrea et al. 2006) for traits associated
with canopy structure and biomass production. In the
present study, the maize ortholog to the WNAC-BI gene
was chosen to search for variability in six inbred lines
that have shown contrasting N response (D’ Andrea et al.
2009). To search for nucleotide variability of the
ZmSNACI gene, a mini-core set of 20 inbred lines
representing the four main subpopulations of the Argen-
tine public temperate inbred maize collection was
screened.

The objectives of this study were: (i) to analyze the
nucleotide diversity and linkage disequilibrium in two
maize genes: GRMZM2G179885, the ortholog closest
to WNAC-BI, and GRMZM2G347043, the homolog
identical to ZmSNACI, (ii) to predict the effect of poly-
morphisms at the protein level, in particular at the five
conserved sub-domains of NAC proteins, and (iii) to
discuss perspectives of functional analysis of these two
genes in maize, according to the divergence of genetics
and physiology of maize in terms of grain quality in
comparison to other cereals.

Material and methods
Search for gene homology

The B73 RefGen v3 reference sequence was used to
search for sequence similarity using the Blastn and
Blastp programs (Altschul et al. 1990) implemented at
the Gramene interface (http://ensembl.gramene.
org/tools.html). Identities and positives refer to the
exact number of matches of amino acids with the same
residues at the same positions in an alignment and to
those that are similar according to their physiochemical
property, respectively (Fassler and Cooper 2011).

GRMZM2G179885 was retrieved with 100 % full
length identity using the query Zea mays ZmNAC
(partial) GSS contig ZmGSStucl1-12-04.2640.2 de-
scribed in Dubcovsky et al. (2009). GRMZM2G179885
was mapped at Bin 7.04 and spans from 7:158,275,103
to 158,277,300 bp reverse strand at the B73 RefGen v3
sequence. The automated gene annotation at the
Gramene interface predicted five splice variants: the first
four alleles encoding NAC superfamily domains, and
the last allele encoding an unrelated NAC protein.
GRMZM2G179885 T02, which encodes a full NAC
protein [1700 bp transcript length, three exons, two
introns, a 1233-bp coding sequence (CDS), and 410
residues of translation length], was selected for further
studies.

GRMZM2G347043 was retrieved with 100 % full
length identity to the query Zea mays SNACI
(ZmSNACI) mRNA from the CN165 inbred line
(GenBank ID: JQ217429). GRMZM2G347043 was
mapped at Bin 1.11 and spans from 1: 292,162,441—
292,164,227 forward strands at the B73 RefGen_v3
sequence. GRMZM?2G347043 encodes a single tran-
script: NAC1-201 GRMZM2G347043 TO01, and a
NACT transcription factor called SNAC1 was selected
for further studies. GRMZM2G347043 TOl has
1685 bp transcript length, two exons, one intron, a
939-bp CDS, and 312 residues of translation length.

Plant material and molecular characterization

An Argentine public collection of 111 temperate
maize inbred lines (collection A) was provided by
the maize-breeding program of the National Institute
of Agricultural Technology (INTA, Argentina). This
collection represents the most important public orange
flint lines from Argentina and reference US lines, and
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103 out of the 111 inbred lines have been previously
genotyped with 50 simple sequence repeats (SSRs)
(Olmos et al. 2014a). The current collection mostly
comprises temperate inbred lines resulting from (i)
inbreeding of a variety of source populations, such
as intermated open-pollinated populations (compos-
ites), (ii) synthetics, (iii) planned crosses, and, to a
much lesser extent, (iv) commercial hybrids. The
Bayesian model-based method discriminated four
main subpopulations: P465, ACDS, LP299-2, and
BS13-BSSS, which represent the high genetic diver-
sity within the Argentine public maize inbred lines.
Variation can also be observed at the phenotypic level.
This collection currently includes inbred founders of
Recombinant Inbred Line populations for NUE, high-
oleic acid, light interception, Fusarium sp. resistance
and Cercospora sp. resistance studies (Olmos et al.
2016).ID and pedigree information are summarized in
Supplementary Table 1.

Leaf tissue from five 6-day-old seedlings was col-
lected to obtain a bulk for each line. Genomic DNA was
isolated according to Kleinhofs et al. (1993). The quality
and concentration of the genomic DNA bulks were
assessed using electrophoretic analysis and a Nanodrop
1000 Spectrophotometer (Thermo Scientific, Wilming-
ton, MA, USA). Genomic DNA was normalized to
10 ng/pl before PCR amplification.

GRMZM2G179885 was sequenced in a set of six
inbred lines (B100, ZN6, LP662, LP611, LP561, and
LP2) which had shown contrasting responses to low-N
stress (D’ Andrea et al. 2006). For further diversity char-
acterization at the population level, two InDel markers
found within the GRMZM2G179885 region
(InDell,Ch7:158,275,507 and
InDel2,Ch7:158,275,952) were selected for PCR-
based marker development and genotyping in the entire
Argentine public maize collection of 111 inbred lines.

GRMZM2G347043 was sequenced in a core set of
five inbred lines representative of the four diverse
subpopulations previously identified (Olmos et al.
2016), as follows: (i) P465, LP611, LP662, LP613,
and LP168 in the P465 subpopulation; (ii) LP125-R,
LP122, LP1032, LP199, and LP1044 in the ACDS
subpopulation; (iii) LP299-2, LP197, LP223, LP304,
and LP29 in the LP299-2 subpopulation; (iv)
2915xLP2541-A, 2915xLP2541-B, 2915xLP2541-
C, (LP915x3125-2)-1-10, and the local accession of
B73, # B73-05-6081 (Olmos et al. 2014b), in the
BS13-BSSS subpopulation.

@ Springer

Sequencing primer design

The entire coding and non-coding regions of
GRMZM2G179885 and GRMZM2G347043 were
covered using primers designed with the Primer3Plus
program (Untergasser et al. 2007). High-quality se-
quences were obtained by excluding the HapMap 1
(Gore et al. 2009) and HapMap 2 (Chia et al. 2012)
variants from the B73 genomic sequence
(http://ensembl.gramene.org/Zea mays/). Design
conditions were as follows: product size between
600 and 800 bases for sequencing and 200-300
bases for genotyping, primer size of ~20 bases,
annealing temperature of 60 °C, GC content between
20 % and 80 %, and the remainder of the setting under
standard parameters. Primers are listed in
Supplementary Table 2.

Sequencing reaction

PCR reaction mixtures contained 30 ng of DNA,
250 nM each primer, 200 uM each dNTP,
1.5 mM Mg++, 0.5 unit Tag DNA polymerase
Fermentas Cat. Num. EP0402 (Thermo Scientific),
1x PCR buffer and sterile double-distilled water to a
final volume of 13 pl. The PCRs were carried out as
follows: one cycle of 5 min at 94 °C; then, a touch-
down cycling profile (annealing temperature 65—
55 °C, 1 °C per cycle decrease) was used followed
by 30 cycles of 1 min at 94 °C, 1 min at 55 °C, and
1.5 min at 72 °C; and then 10 min at 72 °C. PCR
products were separated and isolated from a 1 %
agarose gel. Several PCR repetitions were collected
to obtain a final concentration of 30 ng/pl of puri-
fied DNA. Purification was carried out with a
QIAquick Gel Extraction Kit Cat. num. 28,104
(Qiagen Inc., Valencia, CA, USA). Purified PCR
products were quantified in a Nanodrop 1000 Spec-
trophotometer (Thermo Scientific). Sequencing was
carried out by the Sanger method in an ABI3130XL
capillary equipment (Applied Biosystems, Foster
City, CA, USA). Sequencing reactions were run
with the forward and reverse primers to obtain the
double-strand sequencing.

Sequence editing and gene annotation

Partial sequences of each allele were assembled to
span the amplified sequences from the 5'-
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untranslated region (UTR) to the 3’-UTR. Only the
polymorphisms observed in both the forward and
reverse sequencing reads of a particular line were
recorded. Heterozygous single nucleotide polymor-
phisms (SNPs) were designated “N,” whereas
superimposed traces produced by the presence of
heterozygous insertions/deletions (InDels) were
decoded using the reverse sequence.

Sequences were annotated with the GENSCAN web
server at MIT using the Maize.smat genome model
(Burge and Karlin 1997). Genomic DNA and predicted
proteins were aligned with ClustalW (Thompson et al.
1994) implemented in BioEdit ® version 7.0.9.0 (Hall
1999). The annotation of the B73 RefGen_v3 reference
sequence was retrieved from the evidence-based gene
build system (Liang et al. 2009) at the Gramene inter-
face. All sequences were uploaded at GenBank
(http://www.ncbi.nlm.nih.gov/genbank/), which
provided the corresponding nucleotide accession
number.

The HapMap 1 and HapMap 2 variations and new
polymorphisms found by direct sequencing were
projected on the B73 RefGen v3 reference sequence,
using the GRMZM2G179885 T02 and
GRMZM2G347043 TO1 templates. Variation conse-
quences were defined according to the Sequence Ontol-
ogy terms at http://www.sequenceontology.org/
(Eilbeck et al. 2005).

Development of InDel markers and genotyping

Two InDel markers found at GRMZM2G179885
(InDell,Ch7:158,275,507 and
InDel2,Ch7:158,275,952), expected to provide size
differences to be resolved with agarose electropho-
resis system, were selected for PCR-based marker
development and genotyping in collection A. The
Primer3Plus program was set to amplify between
200 and 300 bp DNA fragments, and the remaining
conditions were kept similar to those of sequencing.
PCR products were electrophoresed on 2 % agarose
gel stained with 0.5 pug/ml ethidium bromide, run at
14 V/cm in TBE (Tris/Borate/EDTA) 1x Buffer for
120 min and examined under UV light on a Bench-
top UV transilluminator UVP (Upland, CA , USA)
provided with a digital camera, Canon PC 1089
(Canon Inc., Tokyo, Japan). Primers are listed in
Supplementary Table 2.

Data analysis
Genetic diversity

The PowerMarker software V3.0 (Liu and Muse 2005)
was used to calculate major allele frequencies, residual
heterozygosity (observed heterozygosity), and average
gene diversity (expected heterozygosity).

Nucleotide diversity

Sequence alignments from GRMZM2G179885 and
GRMZM2G347043 were compared among inbred lines
using the DnaSP v5.10.01 program (Librado and Rozas
2009). The nucleotide diversity among alleles was esti-
mated using the number of polymorphic sites (S), the
number of haplotypes (NHap) (Nei 1987), the average
nucleotide difference (K), nucleotide diversity (7t) (Nei
1987), the theta per site from S (w) (Watterson 1975;
Nei 1987), parsimony informative sites (sites that have a
minimum of two nucleotides that are present at least
twice), and singleton variable sites (non-informative
sites). Analyses were performed with both the entire
nucleotide and the coding regions. Neutrality tests,
Tajima’s D (Tajima 1989) and Fu and Li’s D* (Fu and
Li 1993) were calculated to determine the nature of
selection/departure from neutrality. In the case of
GRMZM2G347043, it was not possible to obtain the
full length alignment of LP662 and LP304; consequent-
ly, these inbred lines were discarded for the entire nu-
cleotide analysis.

Linkage disequilibrium (LD)

LD was calculated with D, Lewontin’s D’, and the
Pearson correlation coefficient (1), using the
pairwise analysis of the PowerMarker software.
The significance of LD was assessed with an exact
p-value test and chi-square test using PowerMarker
default settings; the significance level was set up at
P < 0.01. In addition, LD (r*) and haplotype block
analysis were calculated and displayed using
Haploview software version 4.2 (Barrett et al.
2005). Block structure was defined with the four-
gamete rule, whose blocks are formed by consecu-
tive markers where only three gametes are
observed.
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Phylogenetic tree

The genetic relatedness and evolutionary history among
alleles were inferred for the entire nucleotide sequence
of each gene, using the Neighbor-Joining (NJ) method
(Saitou and Nei 1987) in the MEGA4 program (Tamura
et al. 2007). The multiple aligned sequences were used
as an input file to construct the tree. An unrooted linear
NIJ tree was plotted with an option of 10,000 bootstrap
replicates. The percentage of replicate trees in which the
associated taxa clustered together in the bootstrap test
(10,000 replicates) is shown in the figure next to the
branches (Felsenstein 1985). The tree was drawn to
scale, with branch lengths in the same units as those of
the evolutionary distances used to infer the phylogenetic
tree. The evolutionary distances were computed using
the Maximum Composite Likelihood method (Tamura
et al. 2004) and expressed in the units of the number of
base substitutions per site. All positions containing
alignment gaps and missing data were eliminated only
in pairwise sequence comparisons (Pairwise deletion
option). A total of 1,835 and 1,249 positions, respec-
tively, were observed in the final datasets for
GRMZM2G179885 and GRMZM2G347043.

Results
Maize GRMZM2G179885 gene

Allele sequences of DNA 1802 bp length average,
which partially covered 91 bp of the 5'-UTR and 9 bp
of the 3'-UTR and covered the full length of the open
reading frame (ORF) of GRMZM2G179885 T02 were
amplified in all inbred lines: B100 (KP729886.1,
1799 bp), ZN6 (KP729887.1, 1783 bp), LP662
(KP729883.1, 1811 bp), LP611 (KP729882.1,

1811 bp), LP561 (KP729884.1, 1810 bp), and LP2
(KP729885.1, 1799 bp).

Direct sequencing revealed the occurrence of 28
polymorphisms (Supplementary Table 3). Sixteen vari-
ations had been previously reported at the HapMap1 and
HapMap2 databases, whereas 12 variations are reported
for the first time in the present study. The arrangement of
variations along the full length of GRMZM2G179885
discriminated only one haplotype for each inbred line
(Supplementary Table 4). The average major allele fre-
quency, gene diversity, and heterozygosity were 0.72,
0.37, and 0.00, respectively. The overall frequency of
SNPs and InDel variants was one every 65 bp.

Nucleotide diversity analysis of 1835 bp (full sites
including gaps) revealed a total of 16 SNPs, six haplo-
types, nine parsimony informative sites, and seven sin-
gleton variable sites within the entire sequenced region.
The average number of nucleotide difference (K) was
6.857 for the entire sequence and 4.381 for the CDS
(Table 1). Nine SNPs were found in CDS-1 and CDS-3
and six SNPs in introns, while no variants were found in
CDS-2. The frequency of SNPs was one SNP every
115 bp for the entire sequence, one SNP every 137 bp
in the CDS, and one SNP every 83 bp for the intron
region.

The number of InDels in the entire region was 12.
The average frequency of InDel polymorphism in the
entire region was one InDel site every 153 bp. Two
InDels were located in the CDS and seven InDels in
introns. The frequency of InDels in the CDS and
intronic regions was one every 616 bp and 71 bp, re-
spectively. The K value was 5.238 for the entire se-
quence and 1.143 for the CDS (Table 2).

The nucleotide diversity 7t and w of the total se-
quence were 0.00385 and 0.00367, respectively. The
CDS region had almost similar results (7t = 0.00360;
w =0.00303). The InDel diversity was much lower in

Table 1 Summary statistics of nucleotide diversity analysis of GRMZM2G347043 and GRMZM2G179885

Gene Chr. Region No. of sites S Nhap K lud w Fuand Li’s D Tajima’sD Pis Svs

GRMZM2G179885 7  Entire nucleotide 1835 16 6 6.857 0.00385 0.00367 0.13037ns  0.27745ns 9 7
Coding region 1232 9 6 4.381 0.00360 0.00303 0.81778 ns 1.02361ns 7 2

GRMZM2G347043 1 Entire nucleotide 1249 6 5 1.567 0.00128 0.00141 -0.13002ns -0.28178ns 4 2
Coding region 945 2 3 0.848 0.00090 0.00059 0.85807 ns 1.20871ns 2 0

S no. of polymorphic sites, Nhap no. of haplotypes, K average nucleotide difference, 7 nucleotide diversity, w theta (per site) from S, Pis

parsimony informative site, Svs singleton variable sites

Statistical significance: ns, not significant, P > 0.10
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Table 2 Summary statistics of InDel diversity analysis of GRMZM2G347043 and GRMZM2G179885

Gene Chr. Region No. of sites 1 Nhap K s W Tajima’s D

GRMZM2G179885 7 Entire nucleotide 1835 12 6 5.238 0.00285 4.898 0.37812 ns
Coding region 1232 2 4 1.143 0.00093 0.816 1.64955 ns

GRMZM2G347043 1 Entire nucleotide 1249 5 5 1.731 0.00139 1.431 0.65310 ns
Coding region 945 1 2 0.257 0.00027 0.278 -0.13252 ns

InDel Option: Model 1: Diallelic (non-overlapping), I = Total number of InDels events analyzed, Nhap = No. of haplotypes, K = InDel
Diversity, k(i), 7t = InDel Diversity per site, Pi(i), w = Theta (per sequence) from I, Theta(i)-W. Statistical significance: ns, not significant,

P>0.10

the CDS (7t =0.00093) than in the entire sequence (7
=0.00285) and was substantially lower than the nucleo-
tide diversity found within the CDS.

Tajima’s test for nucleotide and InDel polymor-
phisms from coding and non-coding regions showed
no significant differences between 7 and w
(P> 0.10), showing consistency with the neutral theory.
For the neutrality test of SNPs and InDel markers,
positive near zero Tajima’s D values were obtained for
the entire sequence and CDS.

Multi-allelic r* for pair-wise consecutive markers
ranged from 0.0083 to 1.0 (Fig. 1), whereas multi-
allelic D" values were all 1.0 except for the pair-wise
PZE07152570454-PZE07152570275 markers (D
"= (0.125). The first seven markers that covered the
beginning of the 5’-UTR and the entire CDS-1 were in
complete LD. Besides, three blocks of LD were found:
the first block expanded from the 5’-UTRS to the intron
2 regions, whereas the other two blocks comprised the
CDS-3 region, and from the CDS-3 to the beginning of
the 3'-UTR, respectively. The LD plot of r* values as a
function of pairwise distance between informative sites
revealed a slight decay of the locus analyzed within
1835 bp (regression equation: Y = 0.7107-0.3639X).
However, only pairwise comparison with r* = 1 was
significant as determined by Fisher’s exact test and the
chi-square test.

Entire nucleotide sequences of GRMZM2G179885
were used to display the genetic relationship and evolu-
tionary history of the set of inbred lines, using a NJ tree
(Supplementary Fig. 1). Two major clades (I and II),
supported by high bootstrap values shown next to the
branches, were present (Supplementary Fig. 1). Clade I
comprised two minor clades grouping flint lines. Within
clade I, LP611, LP662, and LP561 clustered separately
from LP2, LP611, and LP662, which derived from the
historic P465 flint inbred line, shared identical

haplotype along GRMZM2G179885 full length. Clade
II also comprised two minor clades. Dent lines B73 and
B100 were clustered separately from the historic flint
ZN6, showing that all these alleles were highly distinct
from the remaining alleles of flint inbred lines.

Large InDel markers found in GRMZM2G179885
(InDell,Ch7:158,275,507 and
InDel2,Ch7:158,275,952) were split in the set of seven
inbred lines into two different LD blocks (blocks 2 and
3, respectively). In contrast, the genotyping of InDell
and InDel2 PCR-based markers in the collection of 111
inbred lines resulted in a low extent but significant LD
(D =0.08; D" = 0.65; r* = 0.15; P = 0.000).

The allele sizes of InDell and InDel2 were 245/
257 bp and 219/234 bp, respectively (Supplementary
Table 5). The average major allele frequency, gene
diversity and heterozygosity of the two markers were
0.62, 0.45 and 0.06, respectively. InDell showed higher
allele frequency (0.73) and lower gene diversity (0.39)
than InDel2 (0.50 and 0.50, respectively). Haplotype
frequency was as follows: 0.2197 (245/219 bp),
0.2803 (257/219 bp), 0.0464 (245/234 bp), and 0.4536
(257/234 bp). The most frequent haplotype (the double
insertion 257/234) was shared by B73, BS13-BSSS-
related lines, historic flint lines (code 104 and 105)
and Cuarentin-related inbred lines (code 107 to 111).
The low-frequency double deletion 245/219 bp was
only present in flint inbred lines from the P465 and
ACDS subpopulations, including the US B100 inbred
line. Recombinants between the B73 allele double in-
sertion at InDell and the double deletion from ACDS
inbred lines at InDel2, 257/219 and the rare haplotype
245/234 bp were observed in P465 and ACDS and the
historic inbred line A1 (code 105), respectively.

All GRMZM2G179885 alleles sequenced in the set
of inbred lines showed an intact ORF, giving a full
length protein which encodes NAC domains. Only two

@ Springer



Page 8 of 18

Mol Breeding (2017) 37:12

[  E——  —

PZE07152569807
PZE07152569872
PZE07152569918
PZE07152569950
new-allele-158275507
new-allele-158275549 \
PZE07152570275
PZE07152570454
new-allele-158275952 “\‘
PZE07152570599
PZE07152570626
new-alele- 156276424 ,
PZE07152571068

new-allele-158276478 !
|

e

B | |

new-allele-158276570 1l
new-allele-158276603 | |||

1)
new.allele-158276613 | || ‘w\
new-allele-158276810 .
new.allele-158276816 . | |
new-allele-158276864 .\
new-allele-158276872

PZE07152571164
PZE07152571270
PZE07152571276
PZE07152571307
PZE07152571345
PZE07152571435
PZE07152571551

]
8
2
3
=
&
]
2
2
S
s
&

Block 3 (1 kb

w
o
~
©
S
i

Fig. 1 Haplotype and LD analysis of the GRMZM2G179885
maize NAC gene. The numbers in each box correspond to the
LD (*) values between markers. Strengths of the LD between

SNP-type polymorphisms were found within NAC do-
main coding sequences; however, these were synony-
mous (PZE07152571435 and PZE07152571345).
InDels did not affect frame shifts: when present in the
CDS, they were mostly multiple of three base pairs,
producing amino acid deletions outside NAC domains.
The set of inbred lines had all identical residues in the
five conserved sub-domains (A, B, C, D, and E) and
were identical to the WNAC-Bla (DIC) allele NAC
domain of wheat (Table 3).

Maize GRMZM2G347043 gene

Sequences of 1242 bp average, which partially covered
104 bp of the 5'-UTR and 98 bp of the 3'-UTR and fully
covered the ORF of GRMZM2G347043 TO1, were
amplified from the set of 20 inbred lines (PopSet
871,076,411: KP744840.1 to KP744859.1).

Direct sequencing revealed the occurrence of 12
polymorphisms (Supplementary Table 6), including an
SNP variation within the InDels (CACC/——) at

@ Springer

N
N
N
3

markers are indicated by the following color scheme: r* = 0
(white), 0 < 1? < 1 (shades of gray), r* = 1 (black)

position 1: 292,162,610. Two variations had been pre-
viously reported at the HapMapl and HapMap2 data-
bases, whereas ten variations are reported for the first
time in the present study. There were nine haplotypes
along the full length of GRMZM2G347043. The aver-
age major allele frequency, gene diversity, and hetero-
zygosity were 0.82, 0.28, and 0.00, respectively. The
overall frequency of SNPs and InDel variants was one
every 103 bp.

Nucleotide diversity analysis of 1249 bp revealed a
total of six SNPs, five haplotypes, four parsimony in-
formative sites, and two singleton variable sites. The
overall average number of nucleotide difference (K) was
1.567 for the entire sequence and 0.848 for the CDS
(Table 1). There were two SNPs in both the CDS and
intronic regions. The frequency of SNPs was one SNP
every 208 bp for the entire sequence, one SNP every
472 bp for the CDS, and one SNP every 51 bp for the
intron.

The number of InDels in the entire region was five.
The average frequency of InDel polymorphism in the
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entire sequence was one InDel site every 250 bp. Only
one InDel was located in the CDSs (CDS-2); the other
four were in the 5-UTR whereas the intron had no
InDels. The frequency of InDels in the CDS was one
InDel every 945 bp. The K value was 1.731 for the
entire sequence and 0.257 for the CDS (Table 2).

The nucleotide diversity 7t and w of the total se-
quence were 0.00128 and 0.00141, respectively. The
exonic region had almost similar results (7t = 0.00090;
w = 0.00059). InDel diversity was much lower in the
coding regions (7t =0.00027) than in the entire sequence
(7t=0.00139) and was similar to the nucleotide diversity
found within the entire sequence and coding regions.

Tajima’s test for nucleotide and InDel polymor-
phisms from coding and non-coding regions showed
no significant differences between 7w and w
(P> 0.10), showing consistency with the neutral theory.
However, negative Tajima’s D values were obtained for
SNPs within the entire sequence and for InDels within
exons.

Multi-allelic r* for pair-wise consecutive markers
ranged from 0.005 to 0.625 (Fig. 2), whereas multi-
allelic D’ values were 1.0 except for the pair-wise new
alleles 292,162,610-292,162,619 (D" = 0.72). Two
blocks of LD were found. The first block comprised
markers from the 5-UTR, whereas the second block
comprised the remaining markers. The LD plot of r°
values as a function of pairwise distance between infor-
mative sites revealed an increase in LD within 1249 bp
(regression equation: Y = 0.0824 + 0.5480X). However,
only pairwise comparison with r* = 1 was significant as
determined by Fisher’s exact test and the chi-square test.

The phylogenetic NJ tree revealed the presence of
two major clades (Supplementary Fig. 2). Clade I clus-
tered two minor clades which included BS13-BSSS,
LP299-2 and ACDS inbred lines. Inbreds from BS13-
BSSS were less divergent and were allocated through
minor clades in Clades I and II. The two sources of B73
were assigned at the minor clade within Clade I but at a
different branch. LP29 and the B73 RefGen v3 refer-
ence sequence shared an identical haplotype. The split
of LP29 from the remaining LP299-2 lines is in corre-
spondence to the genetic background of LP29
(Compuesto Colorado Precoz), which is different from
the LP299-2-related lines (which derived from self-
pollination of a commercial hybrid). Clade II clustered
the P465-derived lines and two inbreds (2915xLP2541-
A and 2915xL.P2541-B) from the BS13-BSSS group at
two minor clades. In Clade II, members of the minor
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clades shared identical haplotype along
GRMZM2G347043 full length.

All GRMZM2G347043 alleles sequenced in the set
of inbred lines showed an intact ORF, giving a full
length protein which encodes NAC domains. Only two
SNP-type polymorphisms were found within the NAC
domain coding sequences; however, they were synony-
mous (PZE01291031431 and new allele 292,162,851).
InDels did not affect frame shifts; when present in CDS-
2, they were multiple of three base pairs, producing
amino acid deletions outside NAC domains. The set of
inbred lines had all identical residues in the five con-
served sub-domains and were also identical to the
CN165 inbred ZmSNAC! domain (Table 3).

Discussion

In the present study, a combination of the top-down
approach (Andrade et al. 2015), synteny (Devos and
Gale 1997) and the sequencing-based allele mining
method (Ashkani et al. 2015) was applied to dissect
the actual allelic variants of two NAC maize genes
(Fig. 3).

Molecular diversity

To date, this is the first study on the molecular diversity
of'the NAC genes performed on a mini-core set of maize
inbred lines from a breeding program. The frequency of
nucleotide changes in GRMZM2G179885 and
GRMZM2G347043 was lower than that previously
found in a survey at 18 maize genes (Ching et al.
2002), where higher values, in the order of one poly-
morphism every 31 bp in noncoding regions and one
polymorphism per 124 bp in coding regions, were ob-
tained. Nucleotide and InDel diversities of the
GRMZM2G179885 and GRMZM2G347043 genes in
each respective set were low, particularly in the coding
region, in agreement with diversity surveys in mini-core
sets of maize inbred lines such as the phytoene synthase
PSY2 and YI (Palaisa et al. 2003) and Dwarf8 genes
(Thornsberry et al. 2001). GRMZM2G179885 showed
greater diversity than GRMZM2G347043. However,
the diversity of GRMZM2G347043 was comparatively
slightly higher than that of the ferminal earl (tel) gene
of maize (White and Doebley 1999). Low nucleotide
diversity may indicate that domestication bottleneck or
natural or artificial selection have reduced
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Fig. 2 Haplotype and LD

analysis of the
GRMZM2G347043 maize NAC
gene. The numbers in each box
correspond to the LD (12) values
between markers. Strengths of the
LD between markers are
indicated by the following color
scheme: 1* = 0 (white), 0 < 1° < 1
(shades of gray), ? =1 (black)
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polymorphism at a locus (Buckler et al. 2001). To test
for selection, Tajima’s D statistics is widely applied. The
maize gene analyzed in this study failed to show a
significant Tajima’s D, which suggests the absence of
selection at the two loci and supports the assumptions of
aneutral equilibrium model (Yamasaki et al. 2007). Low
population size might lead to a non-significant Tajima’s
D test. This possibility, however, can be neglected since
GRMZM2G347043 was screened in a mini-core set of
inbred lines which captured maximum population
structure.

Similarly, in the case of GRMZM2G179885, a low
sample size of the inbred line set did not decrease the
number of polymorphisms. This result also shows that
the phenotypic variation for which those lines were
selected (D’Andrea et al. 2006) was in correspondence
to the contrasting genetic relatedness observed among
them at the SSR level (Olmos et al. 2014a). The large
number of singleton variable sites within the entire
nucleotide of GRMZM2G179885, in particular in the
non-coding region of the ZN6 inbred line, also confirms
the divergent nature of the set of inbred lines. The
occurrence of divergence of the ZN6 allele from the
remaining flint inbred lines and its close relationship
with dent lines B73 and B100 were evident from the
phylogram. ZN6 is a historic flint grain type released in
1959. Microsatellite analysis of ZN6 revealed the

Block 2 (1 kh)
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admixture nature of ZN6 between Andean and Italian
Flint groups (Camus-Kulandaivelu et al. 2006) and its
close similarity with the Argentine ACDS subpopula-
tion (Olmos et al. 2014a). We have previously speculat-
ed that the similarity between B100 and ZN6, and
consequently that between B100 and ACDS, comes
through the common US dent germplasm incorporated
into inbred lines clustered in ACDS (Olmos et al.
2014a). Another interesting finding was that LP611
and LP662, derived from the historic P465 flint inbred
line, had the same haplotype along GRMZM2G179885
length. Likewise, all P465 members shared the same
haplotype in GRMZM?2G347043, evidencing nucleo-
tide conservation within this group and a large diver-
gence from the remaining inbred lines. Variations at
GRMZM2G347043 may also reveal the divergence
among Argentine temperate inbred lines derived from
different sources of the US B73 inbred line in the
breeding history of Argentine germplasm. Since LP29
and the B73 RefGen v3 sequence shared an identical
haplotype, it is sound to hypothesize that LP29 (a semi-
flint inbred line) was introgressed with a source of B73
different from that of the #B73-05-6081 currently used
by the maize-breeding program of Argentina (Olmos
et al. 2014b).

In this study, the genotyping of the two InDels from
GRMZM2G179885 in collection A resulted in lower

@ Springer



12 Page 12 of 18

Mol Breeding (2017) 37:12

( )

Crop physiology
study to analyze
the response of
12 inbred lines

Top-down
approach

( 3\

Selection of six
contrasting-
NUE inbreds for
studies on the

t%ilt?c‘;gz(r)'n" allelic diversity
availability RV 179
(D’Andrea et al., 885
2006) gene
. J \_ J
Model-based
genetic Selection of a
structure of core set of 20
Allele the Argentine inbred lines for
. public maize allelic diversity
mining approach inbred line at the
collection GRMZM2G34
(Olmos et al., 7043 gene
2016)

)
High
diversity
(28 variants)
e N
~— i
( Lackof ) E> Analysis of Trzr;tz(;::g:isvznd
selection genetic variability splicing analysis
(Tajima’s D in promoters and gt cogtrasti¥1
n.s.), non-NAC domain abiotic stresg
predicted regions diti
protein conditions
conservation
at the NAC
sub-domains
Future
—— studies
Low diversity
(12 variants) Measurement of
physiological and Selection of
eco-physiological contrasting
~—— traits involving genotypes for bi-
(" Lackof RUE and NUE, parental genetic
selection plant senescence mapping
(Tajima’s D and source/sink populations
n.s.), relationships
predicted K /
protein
conservation
at the NAC
sub-domains

Fig. 3 Diagram linking methodology, main results and prospect studies for the GRMZM2G347043 and GRMZM2G179885 maize NAC

genes

average gene diversity (0.45) than that obtained with
SSRs (0.69) (Olmos et al. 2014a). Thus, a low informa-
tion content of InDels is expected based on the biallelic
nature of this marker type. However, the classification of
the inbred line collection based on the haplotype of both
InDels was almost in correspondence to the classifica-
tion of the 103-inbred-line collection into four subpop-
ulations (Olmos et al. 2014a). Unexpectedly, the most
frequent haplotype, the double InDel insertion 257/
234 bp, was shared between B73 and Cuarentin-related
inbred lines. Cuarentin corn types have been classified
into Cateto flint races from South America (Paterniani
and Goodman 1977), a group that, according to
(Blumenschein 1973), shows strong phenotypic similar-
ity to Cuban flints. The haplotype sharing between B73
and Cuarentin lines elucidates the complex history from
which these Caurentin lines were derived.

Protein conservation

Besides the high rate of SNPs and InDel polymorphisms
found in GRMZM2G179885 and GRMZM2G347043,
the characteristic five sub-domains were predicted in all
alleles in these diverse sets of inbred lines, thus
supporting that GRMZM2G179885 and
GRMZM2G347043 functional NAC alleles are common
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in the subpopulations. According to the Gramene Data-
base, GRMZM2G179885 and GRMZM2G347043 are
paralogous genes, with different designations through
the bibliography, for which the most common ancestor
node is a duplication event (Vilella et al. 2009). The fact
that identical residues of the ZmSNACI CN165 inbred
alleles from Lu et al. (2012) were found in collection A
indicates that any of the GRMZM2G347043 alleles could
be useful for crop improvement, particularly for tolerance
to abiotic stresses. Phylogenetic analyses of maize NAC
proteins have shown that GRMZM2G179885
(ZmNAC88) and GRMZM2G347043 (ZmNAC15) be-
long to the subfamily clade G, closely related to the
ZmNAC41 (GRMZM2G312201) and ZmNACI100
(GRMZM2G068973) paralogous genes which are in-
duced in response to Colletotrichum graminicola infec-
tion (Voitsik et al. 2013). However, transcriptome analy-
sis of ZmNAC15 (GRMZM2G347043) has exhibited a
weak response during the necrotrophic stage of
C. graminicola infection, but its promoter structure sug-
gests a relationship with host defense regulation (Voitsik
et al. 2013). Transcript analysis of maize NAC genes,
including GRMZM2G347043 and GRMZM2G179885,
has revealed that ZmNACI8 (GRMZM2G347043) has
one of the greatest up-regulation responses in a drought-
tolerant genotype under drought stress, thus providing
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additional evidence of the role of GRMZM2G347043 in
drought tolerance (Shiriga et al. 2014). Similar results
have been found in plantlets of the reference B73 inbred
line grown under drought conditions (Peng et al. 2015).
The above mentioned results do not support the possibil-
ity that GRMZM2G17988S5 is associated with differential
responses to drought stress. In contrast,
GRMZM2G179885 (designated as ZmNAC AtVNI2-like)
colocalized with a QTL for lignin content (Barriére et al.
2015). It is known that the VND-INTERACTING2
(VNI2) gene integrates ABA-mediated abiotic stress dur-
ing leaf aging (Yang et al. 2011), suggesting that
GRMZM2G179885 is involved in the maize lignin path-
way as well as in the plant responses to environmental
stresses by modulation of leaf longevity.

Perspectives for future studies

The application of functional genomics to crop research
needs the combination of physiological and genetic
information (Fig. 3) in order to develop a more complete
model of gene-to-phenotype relationships and
genotype-by-environment interactions (Edmeades et al.
2004). Complementarily, new tools such as the
GRASSIUS database (http://grassius.org/), aimed to
improve the knowledge on transcription factors and
cis-regulatory elements, will facilitate the annotation of
discovered maize NAC genes (Burdo et al. 2014). Tran-
scriptome sequencing (Tao et al. 2013) and quantitative
transcript analysis (Lv et al. 2016) of crops grown under
different types of stress (limited N, water or solar radi-
ation) could also give insights into the expression of
maize genes under unfavorable growing conditions.
Integration of molecular, biochemical, and physiologi-
cal responses (Shao et al. 2009) will allow the dissection
of secondary (NUE, RUE) and primary components
(Otegui et al. 2015) which limit maize yield, particularly
under abiotic stress. The correlation between the pheno-
type and the genetic structure in inbred lines harboring
useful genes including NAC genes would also give a
better understanding both of the genetic variability with-
in a maize-breeding population and of the human selec-
tion process involved in the breeding history of maize.
Although biotechnology and genotyping are impor-
tant tools to explore gene resources for stress tolerance
in various life forms, contributions to modern and sus-
tainable agriculture must be evaluated in field crops
using adequate phenotyping protocols and methods
(Shao et al. 2009) which realistically represent the more

frequent environment scenarios (Cooper et al. 2014;
Cooper et al. 2016; Hammer et al. 2016). Recently, Shao
et al. (2015) reviewed the progress and prospects on
NAC transcription factors and pointed out their potential
usefulness in stress tolerance for new emerging scenar-
ios of climate change and complex stress environments.
For that reason, we consider that the two aspects de-
scribed below should be taken in account in future
research aimed to link the genomic and crop physiolog-
ical levels in these two NAC genes in maize (Fig. 3).
First, the genome evolution in maize has led to the more
competitive C4 photosynthetic pathway to concentrate
CO, in Rubisco-containing cells (Linder and Rudall
2005). As a consequence, maize has a higher photosyn-
thetic capacity and NUE than C; species such as wheat
and rice (Schmitt and Edwards 1981). Because modern
maize generates a considerably high amount of grain
and straw biomass with high carbon to N (C:N) ratio
(USDA 2011), grain production is generally condi-
tioned by NUE and NUE components, i.e. N uptake
and N utilization efficiency (Uribelarrea et al. 2007),
particularly in N-limiting environments. Because cereal
crops are harvested for grain, the most relevant measure
of NUE is the change in grain yield per unit change in N
accumulation in aboveground biomass (Cassman et al.
2002). Although N accumulation in maize grains is low
compared to wheat (e.g. around 13 gkg ' and 18 gkg ',
respectively) (Cassman et al. 2002), N is needed to
maximize the C, photosynthetic pathway. Thus, N de-
ficiency decreases phosphoenolpyruvate carboxylase
(PEPCase) activity and affects the maximal efficiency
of PSII photochemistry, radiation use efficiency (RUE),
and yield production (Ding et al. 2005). In this manner,
genetic studies in modern maize involving N limitation
and closely related traits such as drought response
(Bénziger et al. 2002) would need to account for the
role of minor and major QTLs and candidate genes
responsible of simple traits to finally cope with the
understanding of complex traits such as NUE, RUE,
and finally yield production at the crop level. Second,
plant senescence is an essential process that allows
mineral nutrients (particularly N) to be mobilized and
translocated from storage to growing sink organs
(Noodén 1988), particularly under abiotic or biotic
stress (Thomas and Ougham 2015). Delayed leaf senes-
cence has been postulated as a trait leading to high
yields (Thomas and Stoddart 1980) and tolerance to
drought (Valente et al. 2009). However, in cereal crops,
there has been a long debate on whether grain yield is
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determined by sink organs (i.e., the developing grain) or
by source organs (i.e., the photosynthesizing vegetative
tissues) (Gregersen et al. 2013), a key aspect that con-
ditions the senescence process (Thomas and Ougham
2015). It has been demonstrated that senescence is con-
trolled by source-sink relationships during the reproduc-
tive stage (Crafts-Brandner and Poneleit 1992; Borras
et al. 2003) under complex relationships between sugar
sensing, autophagic mechanisms, and transcription fac-
tors (Thomas and Ougham 2015). The convenience of
selecting for normal senescing (Hirel et al. 2001;
Schippers et al. 2015) or stay-green (delayed senes-
cence) genotypes (Ma and Dwyer 1998) needs to be
further evaluated since debate still remains regarding the
connection between these traits and crop yield (Thomas
and Ougham 2014; Jagadish et al. 2015; Schippers et al.
2015). For instance, results of the historic durum wheat
line and its near-isogenic lines contrasting in the occur-
rence of the WNAC-BI allele (Kade et al. 2005) have
shown low harvest indexes (0.25) in both genotypes
when grown at optimal conditions, suggesting a sink
rather than a source limitation. As reviewed by
Distelfeld et al. (2014), the introgression of the
WNAC-B1 allele into modern wheat cultivars results in
slight yield penalties (due to reduced grain size) depend-
ing on the genetic background and the environment;
however, when the WNAC-B1 alleles are knocked out,
the plants show delayed senescence, without affecting
grain weight, suggesting that sink capacity may be
limiting in this instance. It has been further demonstrat-
ed that wheat (Triticum aestivum) NAM RNAI plants
with delayed senescence carry out 40 % more flag leaf
photosynthesis after anthesis than control plants, but
have the same grain-filling capacity (Borrill et al.
2015). Hence, when sink limitations condition potential
yield, a rather limited/low contribution of the delayed
leaf senescence trait would be expected in non-limiting
environments. Because maize has a good balance of the
source/sink relationship when grown in spring and un-
der no limitation of water supply (Borras et al. 2003;
Borras et al. 2004; Bonelli et al. 2016), probably the
stay-green trait would be more adequate for environ-
ments or management practices that lead to terminal
stress (during kernel filling), which is also more likely
to occur under the new scenarios of climate change. This
would be the case for summer sowings in rainfed maize,
which have become a frequent practice to avoid abiotic
stress during flowering in stress-prone areas (Cerrudo
et al. 2013; Caviglia et al. 2014; Tao et al. 2015;

@ Springer

Giménez et al. 2015). However, this management prac-
tice positions the grain filling under environments with
poor solar radiation and low temperatures, which can
make the crop more source-limited (Tao et al. 2015;
Bonelli et al. 2016). Thus, a better knowledge of the
genetic basis controlling kernel filling, senescence, and
C and N remobilization can contribute to improving the
potential yield or to lowering its temporal variation
(Thomas and Ougham 2014).
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