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Nitrogen (N) limits crop production, yet more than half of N fertilizer inputs are
lost to the environment. Developing maize hybrids with improved N use
efficiency can help minimize N losses and in turn reduce adverse ecological,
economical, and health consequences. This study aimed to identify single
nucleotide polymorphisms (SNPs) associated with agronomic traits (plant
height, grain yield, and anthesis to silking interval) under high and low N
conditions. A genome-wide association study (GWAS) was conducted using
181 doubled haploid (DH) lines derived from crosses between landraces from
the Germplasm Enhancement of Maize (BGEM lines) project and two inbreds,
PHB47 and PHZ51. These DH lines were genotyped using 62,077 SNP markers.
The same lines from the per se trials were used as parental lines for the testcross
field trials. Plant height, anthesis to silking interval, and grain yield were collected
from high and low N conditions in three environments for both per se and
testcross trials. We used three GWAS models, namely, general linear model
(GLM), mixed linear model (MLM), and Fixed and Random model Circulating
Probability Unification (FarmCPU) model. We observed significant genetic
variation among the DH lines and their derived testcrosses. Interestingly, some
testcrosses of exotic introgression lines were superior under high and low N
conditions compared to the check hybrid, PHB47/PHZ51. We detected multiple
SNPs associated with agronomic traits under high and low N, some of which co-
localized with gene models associated with stress response and N metabolism.
The BGEM panel is, thus, a promising source of allelic diversity for genes
controlling agronomic traits under different N conditions.
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1 Introduction

Nitrogen (N) is critical to promote crop growth and
development and to increase grain yield. In cereals such as maize,
the application of N fertilizers is an essential agronomic practice
(Nag and Das, 2022). Although N fertilizer markedly improves the
yield of maize, its excessive use often leads to run-off, which causes
the eutrophication of rivers and other bodies of water (Wani et al.,
2021). In this context, more than half of the N fertilizer applied to
maize is lost to the environment (Ladha et al., 2016; Yu et al., 2022).
As an example, N leaching from maize-based cropping systems is
the primary cause of hypoxia in the Gulf of Mexico (Goolsby et al.,
2000; Alexander et al., 2007). Hence, it is increasingly important to
screen genotypes for N use efficiency (NUE) and explore those that
have higher NUE and are better suited to N limitation.

Improving NUE in maize would not only help to reduce N
fertilization in the field but may also increase productivity in N-
deficient environments. However, NUE is a complex trait in which
interactions between genetic and environmental factors are
involved. Traits such as anthesis-silking interval, plant height, and
grain yield have the potential to be used as parameters for NUE
screening, since they play an essential role in N acquisition and N
utilization in maize, the two main components of NUE (Gheith
etal., 2022). NUE-related traits have been successfully used in maize
(Kumari et al., 2021), rice Liu et al. (2016b), and potatoes (Getahun
et al,, 2020) to identify genotypes with better performance under
low N conditions. In addition, studies combining quantitative
genetics and molecular markers support a strategy of great
potential for plant breeders to analyze the genetic architecture of
complex traits such those related to NUE. In this context, genome-
wide association studies (GWAS) have been widely used to capture
complex trait variation down to the genome level by exploring both
historical and evolutionary recombination events in maize
(Verzegnazzi et al., 2021; Ma et al, 2022; Wu et al,, 2022; Xu
et al., 2023).

In US elite germplasm, only a small fraction of the total
available genetic diversity in maize (<10 out of 300 maize races)
is currently used (Andorf et al, 2019). The Germplasm
Enhancement in Maize (GEM) project of United States
Department of Agriculture—Agricultural Research Service
(USDA-ARS) has the objective of improving maize productivity
by broadening the genetic base of commercial maize cultivars
through evaluating, identifying, and introducing useful genes
from maize landraces (Pollak, 2003; Salhuana and Pollak, 2006).
In the allelic diversity component of the GEM project, doubled
haploid (DH) lines were derived from BC1F1 or F1 crosses between
tropical and subtropical accessions and elite inbreds PHB47 (stiff
stalk) and PHZ51 (non-stiff stalk), which are expired plant variety
protection (ex-PVP) lines (Brenner et al., 2012), to enable
photoperiod adaptation of these materials to Midwest US
conditions. Currently, the released DH lines are known as BGEM
lines, where B indicates Iowa State University, the place where the
DH lines were developed (Vanous et al.,, 2018).

In this study, BGEM lines per se, and their testcrosses, were
evaluated in field trials under low and high (normal) N conditions
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for agronomic traits related to NUE. GWAS analyses for the
agronomic traits under low (LN) and high N (HN) conditions
were conducted. The main objective was to identify novel alleles
associated with agronomic traits under low N conditions, which can
aid in improving NUE in maize. The specific objectives were to (i)
determine the extent of variation of agronomic traits for the BGEM
panel grown under HN and LN conditions, (ii) establish
correlations among the agronomic traits, (iii) identify associations
between SNP markers and agronomic traits grown under HN and
LN conditions, and (iv) evaluate the co-localization of these SNPs
with putative candidate genes and/or previously identified QTL for
traits related to NUE in the inbred and testcross populations.

2 Materials and methods
2.1 Plant materials

In total, 66 GEM accessions from Central and South America
were crossed with the expired PVP lines PHB47 and PHZ51. Most
of the F, seeds were backcrossed once with PHB47 and PHZ51,
respectively, to produce the BC;F; generation as described in
Sanchez et al. (2018). A total of 181 BGEM lines and inbred lines
PHB47 and PHZ51 were used in per se field trials. The DH lines
were produced using the protocol described by Vanous et al. (2017),
wherein BC,F; or F,-derived crosses between GEM accessions and
PHB47 or PHZ51 were crossed with the inducer hybrid RWS 9 x
RWK-76 (Rober et al., 2005) to produce haploid seed, which was
identified based on the R-nj color marker Liu et al. (2016a). In the
subsequent planting season, putative haploids were grown in the
greenhouse, where colchicine treatment was applied to seedlings at
the three to four leaf developmental stage to promote genome
doubling. Haploid plants were transplanted in the field and self-
pollinated to produce DH lines. Seed of these lines was increased at
the USDA North-Central Region Plant Introduction Station in
Ames, Iowa during the summer of 2013 and at the Iowa State
University Agricultural Engineering and Agronomy Farm in 2014.
In total, 74 and 105 DH lines were obtained from the crosses with
the recurrent parents PHZ51 (non-stiff stalk) and PHB47 (stiff
stalk), respectively.

The same lines from the per se trials were used as parental lines
for the testcross field trials. They were divided according to
heterotic group membership (i.e., stiff-stalk and non-stiff stalk),
and each group was planted in separate isolation plots in Ames
during the summer of 2014. Two rows and two ranges of pollen
parent surrounded each isolation plot. Inside, for every two rows of
female, there was one row of male. There were three replications or
rows of each DH line, randomly distributed per isolation plot. In
one isolation plot, all lines belonging to the stift-stalk group (e.g.,
DH lines with PHB47 as recurrent parent) that were used as female
parents were detasseled before anthesis, and PHZ51 was used as
pollen parent. In the other isolation plot, all non-stiff stalk lines
(e.g., DH lines with PHZ51 as recurrent parent) were detasseled and
crossed with PHB47. In total, 74 and 105 testcrosses obtained from
the cross with PHZ51 and PHB47, respectively, were evaluated.
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2.2 Field trials

In this study, a combination of location and year was considered
as an environment. Within each environment, two N conditions
were evaluated: HN and LN. No fertilizer was applied within the LN
condition in all environments. For the HN condition, 261.60 kg
N ha™" was applied in the form of 32% urea—ammonium nitrate
(UAN) fertilizer before planting via liquid broadcast and
immediately incorporated with tillage. Three environments were
used for the per se trials: at Iowa State University Agricultural
Engineering and Agronomy Farm (42.0204° latitude, —93.7738°
longitude, 335 m elevation) in Ames, IA, during the summers of
2014 (Ames 2014) and 2015 (Ames 2015), and at the Towa State
University Northeast Research and Demonstration Farm
(42.93811° latitude, —92.57018° longitude, 317.742 m elevation) in
Nashua, IA, during the summer of 2015 (Nashua 2015).

Two environments were used for the testcross trials, which were
performed at the same farms from Ames and Nashua during the
summer of 2015. No N fertilizer was applied to the Nashua LN
location in 2014, and oats were planted in that area before, in order to
deplete the soil N content. For the testcross evaluation in Ames 2015,
two LN locations were used. One has historically been planted with
maize, and no fertilizer has been applied in that location for several
years. The other LN location in Ames 2015 did not receive any
fertilizer treatment and was planted with non-nodulating soybeans in
the previous year (2014). Therefore, for the testcrosses trials, the
maize-maize location was referred to as Ames 2015A, and the
soybean-maize location was referred to as Ames 2015B. Only one
HN location was used for testcrosses trials in Ames 2015 environment.

Soil samples were collected right before sowing, and the samples
were analyzed in the Ames trial plots in 2015. Using a probe, 10
samples per location were collected in the top 30 cm of the soil at
randomly selected areas, and samples for each trial were bulked,
thoroughly mixed, and submitted to the ISU Soil and Plant Analysis
Laboratory at the Department of Agronomy to determine total N
and carbon (C) content (McGeehan and Naylor, 1988). The results
of samples were collected and analyzed in the Ames trial plots in
2015 (Table 1). Results reported C and N as the percentage (%) of C
or N in the dried sample (g C or N per 100 g sample). For logistical
issues, it was not possible to collect soil samples in Nashua.

All trials were planted following a randomized complete block
design (RCBD), in two-row plots. Two ranges of filler were planted
at the front and back and four rows at the left and right sides of each
trial. Each row was 5.64 m long, and the rows were spaced 0.76 m

apart. Planting density was 65,323 plants ha™".
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2.3 Agronomic traits evaluated

Plant height (PHT) and grain yield (GY) were measured in all
trials, while anthesis to silking interval (ASI) data were only
collected at the Ames trials. ASI was calculated using the
difference in growing degree units (GDUs) between anthesis and
silking times. Days to anthesis was recorded as the number of days
from sowing to the day when 50% of the plants in the plot had
anthers extruded outside the glumes. Days to silking were recorded
as the number of days from sowing to the day when 50% of the
plants in the plot had silks emerging from the ears. Days to anthesis
and silking were converted to growing degree units (GDUs), which
were calculated according to the following equation: GDUs =
T'WT%, where T,,,, is the maximum daily temperature which is
set to 30°C when T,,,, exceed 30°C, and T,,;, is the minimum
temperature and is set to 10°C when T,,,;, falls below 10°C. PHT in
centimeters was taken from the ground surface to the topmost end
of the central tassel spike. GY was obtained from two-row plots
using a harvesting combine, where grain weight and moisture
content were measured. Yield in tons per hectare was computed
after moisture content was adjusted to 15.50%.

2.4 Statistical analysis of agronomic traits

Data analysis was performed separately for the per se and
testcross trials fitting the following linear model: Yjy; = u + E; +
R(E)jj + N; + ENj + Gy + EGy + NGy + ENGyy + €35, where Yy is
the observation in the k" genotype in the /" replication in the i*"

environment and I

N rate; i is the overall mean; E; is the effect of
the i environment; R(E);; is the effect of j™ replication nested
within the i environment; N is the effect of the I N rate; ENj; is the
"N rate; Gy is
the effect of the k™ genotype; EGy is the effect of the interaction
of the " environment with the k' genotype; EGy is the effect of the
interaction of the I N rate with the k™ genotype; ENGjy, is the effect

of the interaction of the i environment and I'* N rate with the k"

interaction effect of the i environment and

genotype; and gy is the residual error.

The procedure PROC MIXED from the software package SAS
(SAS Institute Inc., North Carolina, USA) was used to perform the
analysis of mixed model, where N rate was fixed, and the other

2 2
Og, Ogres
estimated accordingly, where O'gz, ngxe, 0'22 correspond to the

factors were random. Variance components, o2, were

genotypic variance, genotype by environment interaction
variance, and error variance, respectively. Broad-sense heritability

TABLE 1 Results of soil samples collected and analyzed in the Ames trial plots.

Condition Trial N (%) C (%) Location
High N Per se 0.39 6.30 Ames
Testcross 0.35 4.10 Ames
Low N Per se 0.16 2.02 Ames
Testcross 0.17 2.09 Ames 2015A
Testcross 0.17 2.00 Ames 2015B
Frontiers in Plant Science 03 frontiersin.org
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(%) on an entry mean basis for each trait under each N condition

and in the combined analysis were estimated as follows (Hallauer

et al, 2010): ¥ =-%, and W =—% —, where r is the number of
: e 2

A

replications withcfn each env(irg;})?ﬁ‘i%’ent, and n is the number
of environments.

For each N condition, best linear unbiased predictions (BLUPs)
from all inbred lines and testcrosses across the environments were
estimated for all measurements. This was also implemented using
PROC MIXED in SAS 9.3 (SAS Institute Inc., 2011). The BLUPs
from the combined analysis within each N condition were used to
calculate Pearson correlations among traits using PROC CORR
function in SAS 9.3 (SAS Institute Inc., 2011).

2.5 Molecular marker data

The BGEM lines were genotyped using 955,690 genotyping-by-
sequencing (GBS) markers (Elshire et al., 2011). GBS data were
generated at the Cornell Institute for Genomic Diversity (IGD)
laboratory. After filtering out markers with more than 25% missing
data, below 2.5% minor allele frequency, and monomorphic
markers, 247,775 markers were left for further analyses. For
markers at the same genetic position (0 cM distance), only one
marker was randomly selected. The final number of markers used
for further analyses was 62,077 markers distributed across all
10 chromosomes.

The average number of recombination events per line was
substantially greater than expected. Therefore, the genotypic data
were corrected for monomorphic markers that were located
between flanking markers displaying donor parent genotypes. The
correction was based on Bayes theorem, with an underlying
assumption that very short distances of a marker with recurrent
parent (RP) genotype to flanking markers with donor genotype are
more likely due to identity of marker alleles for that particular SNP
between RP and donor, instead of a rare double recombination
event. These short RP segments interspersed within donor segments
were tested for the null hypothesis that a double recombination
occurred and were either corrected or kept as original genotype,
accordingly, based on p-values from the Bayes theorem (Vanous
et al,, 2018). After correction, the donor genome composition was
closer to the expected 25%, compared to the original marker data,
and the average number of recombination events was substantially
reduced (Sanchez et al., 2018). Genotype data of the testcrosses were
generated using the “create hybrid genotypes” function in TASSEL
5.2.61 (Bradbury et al., 2007) with genotype information from the
BGEM lines per se, PHB47 and PHZ51.

2.6 Genome-wide association studies

BLUPs from the combined analysis of the traits ASI, PHT, and
GY for HN and LN conditions, in the per se and testcross trials, were
used for GWAS. In order to balance false-positives and false-
negatives in detecting significantly associated SNPs, three
statistical models were implemented, namely, (1) General Linear
Model (GLM) + PCA (Q), where the PCA output from GAPIT was
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used as a covariate to account for fixed effects due to population
structure; (2) Mixed Linear Model (MLM; Yu et al., 2006), where
PCA and kinship (K) were used as covariates; and (3) FarmCPU
(Fixed and random model Circulating Probability Unification),
where Q was also used as covariate, but has additional algorithms
to solve the confounding problems between testing markers and
covariates Liu X. et al. (2016). The R package GAPIT (Lipka et al.,
2012) was used to conduct GWAS for all three models. Additive
genetic model was implemented when performing GWAS for per se
trials, while dominant genetic model was used for the
testcross trials.

Multiple testing in GWAS was accounted for using the
statistical program simpleM (Gao et al,, 2010; Johnson et al,
2010), which calculates the number of informative SNPs
(Meff_G) using R statistical software (R Core Team, 2014). First,
a correlation matrix for all markers was constructed, and the
corresponding eigenvalues for each SNP locus were calculated.
GAPIT (Lipka et al., 2012) was then used to calculate a composite
linkage disequilibrium (CLD) correlation directly from the SNP
genotypes, and once this SNP matrix was obtained, Meff_G was
calculated, and this value was used to compute for the multiple
testing threshold in the same way as the Bonferroni correction
method, where the significance threshold (0:=0.05) was divided by
the Moy 6 (0/ Mg ). For this study, based on the o level of 0.05, the
multiple testing threshold level was set at 8.10 x 107",

The available maize genome sequence (B73; RefGen_v4) was
used as the reference genome for candidate gene identification.
Candidate genes were identified using the Ensembl Biomart tool
(Kinsella et al., 2011). Genes were considered as candidates if a
significantly associated SNP marker with phenotypic variance
explained (PVE) higher than 10% was located within the range of
linkage disequilibrium (LD) decay observed for each chromosome
(upstream and downstream). Candidate genes corresponding to
each SNP were checked according to the SNP marker’s physical
position in the MaizeGDB molecular marker database (http://
www.maizegdb.org; Portwood et al.,, 2019). Functional
annotations of candidate genes were predicted in NCBI (http://
www.ncbinlm.nih.gov/gene) and were also compared to previously
published candidate genes.

3 Results

3.1 Field performance of BGEM lines per se
under high and low nitrogen conditions

According to the soil chemical analysis (Table 1), the N content
at LN trials was considerably lower than at HN trials, indicating that
the N-depleting effort had been successful in reducing N levels. In
addition, all measured traits were affected by N conditions, and
most of them had their means reduced by the N deficiency
(Table 2). We observed wide ranges on the tested traits under LN
and HN (Table 2). However, the N stress negatively affected the
genotypic variation among the DH lines, and the ranges were much
larger under HN than under LN for almost all traits, except for ASI
in Ames 2014. For this trait, the range under LN was equal to
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TABLE 2 Summary statistics of agronomic traits in BGEM lines per se and testcrosses grown under different N conditions.

High N Mixed models analysis

Environment Trait

Mean H2 Mean Max

Min s ;

BGEM lines per se

Ames 2014 ASI 25.00 8545 | -19.53 | 057 10.74 67.59 | -2508 | 051 1,237.76** 95,296.22** 232.06 *
PHT 197.27 | 240.33 15990  0.75 22204 272.04 15860 | 0.82 379.13%* 128,974.98** 5.25%
GY 2.18 3.92 0.91 0.29 2.92 5.85 0.66 | 0.81 0.76** 7541 0.26**
Ames 2015 ASI 37.85 83.06 1173 0.28 19.62 106.78 14.84 061 1,365.54** 209,157.88** 40.97ns
PHT 18059  215.00 141.66 058 226.85  289.74 18196 | 0.63 368.49** 397,964.28** 22.29ns
GY 1.03 2.05 0.71 0.24 2.37 4.68 118 | 042 0.29%* 246.94** 0.25%*
Nashua 2015 PHT 22838 | 276.13 168.60  0.78 240.41 296.12 182.96 | 0.83 22.14%* 27,976.98** 7.84ns
GY 3.01 5.13 121 0.66 421 6.96 138 | 0.69 1.30%* 182.83** 0.32%%
Combined ASI 31.44 99.34 -468 | 042 1521 95.69 -1697 | 0.30 35.50** 270,250.54** 10.27%*
PHT 202.10 | 245.65 159.56  0.61 229.78  281.77 17727 | 0.59 402.81%* 519,339.69** 0.43ns
GY 2.10 3.44 119 021 3.17 5.55 097 | 0.40 0.61* 319.50** 0.22*%
Testcrosses
Ames 2015A ASI 19.91 4329 1005 0.24 ~0.14 2329 | -1125 | 0.04 238.23%* 25,7926.92** 23.30ns
PHT 24875 | 278.38 207.56  0.41 33444 379.48 284.45 | 0.68 232.32%* 8,763.92%* 41.46*
GY 3.48 4.68 235 030 8.27 12.00 398 | 0.62 0.44** 1,890.28** 1.05%*
Ames 2015B ASI 19.84 35.89 1267 025 - - - - 149.44%* 228,403.25** 53.88**
PHT 259.71 285.67 220.41 0.60 - - - - 246.01%* 52,119.82** 24.95*
GY 4.35 5.95 232 056 - - - - 0.97** 1,559.56** 0.68**
Nashua 2015 PHT 297.44 | 322.20 24866 072 318.69 346.89 266.96 | 0.58 202.87%% 105,567.88** 138.23ns
GY 8.29 8.86 772 0.09 1111 16.11 639 | 037 0.73** 3,535.22%% 0.46**
Combined ASI 19.87 46.20 858  0.23 ~0.14 2317 | -11.19 | 053 125.32%* 231,387.94** 114.81%*
PHT 268.64 | 296.37 217.35 049 326.57 367.56 269.18 | 0.69 219.66ns 39,175.14** 4.23ns
GY 5.37 6.37 395 028 8.28 11.76 493 | 052 0.74*% 3,427.98*% 0.83ns

*ASI, anthesis to silking interval (GDU); PHT, plant height (cm); GY, Grain Yield (t ha™!), H? broad-sense heritability; & ZG, genotypic variance component estimate; @ ~» quadratic component of

nitrogen fixed effect; 6 %, variance component of nitrogen rate by genotype interaction; *significant at p = 0.05; **significant at p = 0.01; ns, not significant.

(-) means data were not collected.

104.98, while under HN, it was equal to 92.67. On the other hand,
traits such as PHT presented wider ranges under HN conditions. In
Ames 2014, PHT ranged from 158.60 cm to 272.04 cm under HN
and from 159.90 cm to 240.33 cm under LN. In Ames 2015, the
same trait had a ranged from 181.96 cm to 289.74 cm under HN
and from 141.66 cm to 215.00 cm under LN. In general, higher
values of standard deviation (SD) were also observed under HN
conditions. For example, ASI had SD equal to 18.36 under HN in
Ames 2015, while under LN, it was equal to 12.34. In Ames 2014,
PHT had SD equal to 20.36 under HN and 16.25 under LN.

PHT and GY were affected by N deficiency and had their means
reduced under LN conditions (Table 2). While the mean of PHT
under HN was equal to 222.04, it was equal to 197.27 cm under LN
condition in Ames 2014. In Ames 2015, GY had a mean of
2.37 t ha ! under HN, while under LN, it was equal to 1.03 t
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ha™'. On the other hand, ASI had higher means under LN than
under HN condition. In Ames 2014 and Ames 2015, ASI had means
equal to 10.74 and 19.62 under HN, respectively, and equal to 25.00
and 37.85 under LN, respectively. We observed that GY was the trait
most negatively affected by N deficiency and presented the highest
mean reduction in response to the LN across all environments. The
decrease in the mean under LN compared to HN was equal to
25.34%, 56.54%, 28.50%, and 33.75% in Ames 2014, Ames 2015,
and Nashua 2015 and in the combined analysis, respectively.
Variance components due to genotype were highly significant (p<
0.01) by the likelihood ratio test for all traits in the per se trials (Table 2).
In addition, variance components due to genotypes X N rates
interaction were highly significant (p< 0.05) for almost all traits. In
general, the heritability estimates were higher under HN than under
LN conditions. For example, GY heritability estimate under HN in
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Ames 2014 was equal to 0.81, while under LN condition, it was equal to
0.29. In Ames 2015, ASI had heritability equal to 0.61 under HN and
equal to 0.28 under LN condition. In the combined analysis, the
heritability estimates were low to intermediate (<0.70). In this context,
GY had the lowest heritability estimate under LN condition (0.21) and
the intermediate one under HN (0.40). Across all environments, the
highest yielding BGEM lines under LN were BGEM-0137-S, BGEM-
0044-S, BGEM-0127-N, and BGEM-0243-S with GY ranging from
3.12 tha ! to 3.44 t ha !, and 52 out of the 179 BGEM lines performed
better than PHB47 (GY = 2.41 t ha™). On the other extreme, DH lines
BGEM-0223-N, BGEM-0225-N, BGEM-0247-N, BGEM-0237-N, and
BGEM-0165-S performed poorly with yields ranging from 1.19 t ha™
to 1.30 t ha™".

3.2 Performance of testcrosses under high
and low nitrogen conditions

Similar to the per se trials, the ranges were much larger under HN
than under LN for almost all traits, except for ASI in the combined
analysis (Table 2). This difference was even more pronounced with GY.
In Ames 2015A, GY values ranged from 3.98 t ha! to 12.00 t ha™
under HN, while under LN, it ranged from 2.35 t ha'to4.68tha . In
Nashua 2015, GY ranged from 6.39 t ha! to 16.11 t ha! under HN
and from 7.72 t ha™ to 8.86 t ha™! under LN condition. In general, SD
values were also higher under HN conditions, except for ASI in Ames
2015A and in the combined analysis. For GY in Ames 2015A, the SD
was equal to 1.43 and 0.39 under HN and LN conditions, respectively.
PHT and GY were affected by N conditions, and their means reduced
with the N deficiency. The percentage of reduction in the mean was
stronger for GY. The GY reduction mean was equal to 57.92%, 25.38%,
and 35.14% in Ames 2015A, Nashua 2015, and in the combined
analysis, respectively (Table 2). Conversely, ASI increased its means
under LN condition. In Ames 2015A, ASI means were equal to —0.14
and 19.91 under HN and LN conditions, respectively.

The statistical analysis conducted within environment for
testcrosses showed that, for almost all traits, there was significant
effect of genotype (p< 0.01), except for PHT in the combined analysis.
Variance components due to genotypes x N rates interaction were
highly significant (p< 0.01) for GY in all environments, while for ASI
and PHT, the significance depended on the environment where they
were evaluated. In relation to the heritability estimates within
environments, we observed that PHT had the highest estimates
among the three traits, ranging from 0.41 to 0.72 under LN and
from 0.58 to 0.68 under HN. The heritability estimates for GY ranged
from 0.09 to 0.56 under LN and from 0.37 to 0.62 under HN (Table 2).
In general, heritability estimates in the testcross trials across
environments were higher under HN than under LN. For example,
in the combined analysis of ASI, heritability estimates under HN were
equal to 0.53 and 0.23 under LN.

Testcrosses performing best under LN across environments
were BGEM-0258-S/PHZ51, BGEM-0112-S/PHZ51, BGEM-0070-
S/PHZ51, BGEM-0115-S/PHZ51, BGEM-0233-S/PHZ51, and
BGEM-235-N/PHB47, with yields ranging from 6.13 t ha™' to
6.33 t ha™'. The lowest yields were obtained for BGEM-0166-S/
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PHZ51, BGEM-0263-S/PHZ51, BGEM-0269-S/PHZ51, BGEM-
0078-S/PHZ51, and BGEM-00129-N/PHB47, ranging from 3.95 t
ha™ to 4.19 t ha™". GY of the checks, PHB47/PHZ51 and its
reciprocal PHZ51/PHB47, under LN were 6.37 t ha™' and 5.85 t
ha™’, respectively. Testcrosses outperforming the GY of PHB47/
PHZ51 were identified in the Ames environments. In Ames 2015B
environment, there were testcrosses that outperformed PHB47/
PHZ51, with BGEM-0112-S/PHZ51, BGEM-0155-S/PHZ51, and
BGEM-0226-S/PHZ51 performing better than PHB47/PHZ51
under both LN and HN. The testcrosses BGEM-0001-N/PHB47,
BGEM-0044-S/PHZ51, BGEM-0111-S/PHZ51, BGEM-0114-S/
PHZ51, and BGEM-0115-S/PHZ51 performed consistently better
than PHB47/PHZ51 under the two LN environments in Ames.

3.3 Correlations among and within per se
and testcross agronomic traits

Within BGEM lines per se, significant and close positive
correlations were observed for PHT evaluated under different N
conditions (r = 0.91), and GY (r = 0.69) and ASI (r = 0.75; Table 3).
Moderate negative correlations were observed between ASI and GY
under HN (r = —-0.50) and LN (r = —0.48). Within the testcross, a
high positive correlation was observed between PHT under HN and
PHT under LN condition (r = 0.78) and between GY and PHT
under LN (r = 0.66). ASI under HN was not significantly correlated
with neither GY under HN and LN nor with PHT under LN. There
were also no significant correlations observed between ASI under
LN and PHT under HN and GY under HN (Table 3). In addition,
there was no strong correlation (r > 0.60) between GY with the
other two traits neither under HN nor under LN for BGEM lines
and their testcrosses. Therefore, according to our results, we could
not use PHT and ASI as indirect selectors for GY.

Weak to moderate (r< 0.60) correlation coefficients were
observed between the performance of testcross and per se
genotypes (Table 4). The highest correlation coefficients were
observed between testcross PHT under HN and per se lines PHT
under HN (r = 0.52) and LN (r = 0.52). Testcross PHT under LN
also correlated well with per se PHT under both HN (r = 0.49) and
LN (r = 0.52). According to the correlation coefficients, there is no
possibility to use any trait from the per se performance to predict the
performance of testcross hybrids under neither N condition.

3.4 Genome-wide association
studies for agronomic traits in
per se and testcross trials

To reduce the impact of environmental variability, BLUP values
across the three environments (Ames 2015A, Ames 2015B and
Nashua 2015) were used for association study. No SNPs were found
when performing GWAS with MLM model. A total of seven
significant SNPs were found by applying FarmCPU and GLM
models (Table 5; Figure 1). The same SNPs detected by
FarmCPU were detected by GLM. This result indicates that these
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TABLE 3 Pearson correlation of agronomic traits in BGEM lines and testcrosses grown under low nitrogen (LN) and high nitrogen (HN) conditions
across environments.

GY 0.36** —-0.50** 0.69** 0.29** —0.42**
HN PHT 0.43%* -0.15*% 0.14* 0.91** -0.04™
ASI -0.12" -0.23** -0.46** -0.08"™ 0.75%*
GY 0.48** 0.49** -0.11™ 0.18** —0.48**
LN PHT 0.40** 0.78** -0.11™ 0.66** 0.03™
ASI -0.07" -0.14™ 0.43** —0.27** —0.21**

Values above the diagonal are correlations among BGEM lines per se, and values below the diagonal are correlations among testcrosses.
*GY, Grain Yield (t ha™'); PHT, plant height (cm); ASI, anthesis to silking interval (GDU); *significant at p = 0.05; **significant at p = 0.01; "not significant.

common SNPs have high reliability. For simplicity, we presented
the results from FarmCPU, and the subsequent analysis mainly
focused on those seven SNPs.

For the per se data, the GWAS analysis identified significant
SNPs only for ASI under HN condition. Interestingly, one of the
two SNPs (S2_190189512) had PVE >30%. This SNP is within the
gene model GRMZM2G414252, located between 190,556,326 and
190,557,054 bp on Chromosome 2. The SNP marker S1_13685600
(P =1.11x10""", SNP effect = 7.58) was also significantly associated
with ASI under HN conditions. The associated gene model
GRMZM2G037912 (14,081,196-14,083,562 bp in Chromosome 1)
was identified as a putative vesicle-associated membrane
protein (Table 6).

For testcross data, three significant SNP markers each were
found for PHT under both LN and HN, but did not overlap. None
of the SNPs affected more than one trait. The SNP marker
S1_104874404 on Chromosome 1 was significantly associated
with PHT under LN (P = 2.49x107°, SNP effect = 8.80) with a
PVE equal to 24.8%. This SNP is located within the gene model
GRMZM2G158976 (105,553,409-105,554,335 bp), and encodes a
VQ motif-containing protein. GRMZM2G070271 is 308,612 bp
away from GRMZM2G158976 and encodes a xyloglucan
endotransglucosylase/hydrolase protein. For PHT under HN
conditions, one SNP marker had a PVE higher than 10%

(S3_179633217). This SNP marker is within the gene model
GRMZM2G087619 (177,609,579-177,634,652 bp), identified as
sister chromatid cohesion protein on Chromosome 3.
§2_209927372 was significantly associated with GY under HN
p= 5.44x1077, SNP effect = —0.71). It is worth noting that this
SNP marker explained more than 40% of phenotypic variance. The
gene model GRMZM2G311187 (209,688,288-209,689,726) co-
locates with this SNP, which encodes for a phosphatase protein.
Other putative gene models identified by significant associations are
listed in Table 6.

4 Discussion

4.1 Effect of nitrogen deficiency on
agronomic traits

Screening maize genotypes for yield-related traits tested under
LN conditions and optimal-N conditions is critical for long-term
maize production in areas with low N fertility. In our study, we
evaluated a panel of BGEM lines and their respective testcrosses.
Information about population structure, genetic diversity, and
linkage disequilibrium of BGEM lines have been reported
(Sanchez et al., 2018; Ma et al., 2020; Zuffo et al., 2022). We

TABLE 4 Correlations of agronomic traits between BGEM lines per se and testcrosses grown under different Nitrogen (N) conditions across environments.

Per se traits

Testcross traits

GY 0.11™ 0.14* —-0.16* 0.17* 0.08"™ -0.13™
High N PHT 0.14* 0.52** -0.07" 0.15* 0.49** 0.01™
ASI 0.00™ -0.05™ 0.28** -0.03™ 0.01™ 0.21%*
GY 0.03" 0.05™ -0.17* 0.19** 0.03™ —0.22**
Low N PHT 0.12" 0.52** -0.05™ 0.18** 0.52** 0.00™
ASI 0.03" 0.06"™ 0.26** 0.01™ 0.13™ 0.23**

*GY, Grain Yield (t ha™'); PHT, Plant height (cm); ASI, Anthesis to silking interval (GDU); *significant at p=0.05; **significant at p=0.01; "not significant.
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TABLE 5 Significant SNP markers information associated with agronomic traits of BGEM lines per se, and their testcrosses, grown under high nitrogen
(HN) and low nitrogen (LN) conditions.

PVE (%)
per se
S1_13685600 1 L11x107 7.58 0.18 6.89x10~7 12.11
ASI-HN
$2_190189512 2 1.49x107° -7.36 0.34 4.61x107* 30.18
Testcross
$1_39752558 1 5.15x1077 6.70 0.16 0.01 2.53
PHT-LN S1_104874404 1 2.49x107° 8.80 0.39 1.54x107* 24.81
S1_235704086 1 1.74x1077 -6.06 0.36 5.40x107° 3.65
$3_104138066 3 1.30x107® 9.86 0.09 4.03x107* 4.46
PHT-HN $3_179633217 3 5.75x1077 -8.49 0.13 0.01 19.19
$6_165585769 6 2.04x107° 10.56 0.14 127x107* 1.28
GY-HN $2.209927372 2 5.44x1077 -0.71 0.09 0.03 40.36

The g-value given is the chromosome-wide FDR-adjusted p-value.

PVE, phenotypic variance explained; GY, Grain yield (t ha™'); PHT, plant height (cm); ASI, anthesis to silking interval (GDU).

observed a significant reduction in GY of BGEM lines and their
derived testcrosses when evaluated under LN conditions,
confirming the importance of sufficient N supply in maize
production. Previous studies reported maize yield losses under
N stress ranging from 37% to 78% (Bertin and Gallais, 2000;

Presterl et al., 2002; Gallais and Hirel, 2003; Presterl et al., 2003;
Abdel-Ghani et al., 2013; Chen et al., 2013; Das et al,, 2019). In
addition, testcross genotypes had better performance under LN
than per se genotypes as a consequence of heterosis effect
(Hallauer et al., 2010).
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FIGURE 1
GWAS-derived Manhattan and QQ plots showing significant SNPs associated with (A) per se anthesis-silking interval under HN, (B) testcrosses plant
height under LN and (C) under HN, and (D) testcrosses yield under HN using FarmCPU model. Each dot represents an SNP. The horizontal solid line
represents the Bonferroni-corrected significant threshold of 8.10 x 1077
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TABLE 6 Candidate genes associated with agronomic traits of BGEM lines per se, and their testcrosses, grown under high nitrogen (HN) and low
nitrogen (LN) conditions.

Gene start Gene ID Gene ID
Traits  Chr (bp) MaizeGDB Gramene Annotation
per se
1 13809656 = Zm00001d027800 GRMZM2G169280 ppr pentatricopeptide repeat-containing protein
1 14081196 = Zm00001d027808 GRMZM2G037912 vap726 putative vesicle-associated membrane protein 726
ASI - 1 13863300 = Zm00001d027802 GRMZM2G004641 hb64 Homeobox-transcription factor 64
HN 2 190605384 = Zm00001d005843 GRMZM2G088242 hsftf2 HSF-transcription factor 2
2 190556326 | Zm00001d005841 GRMZM2G414252 bhlh20 bHLH-transcription factor 20
2 190962154 | Zm00001d005856 GRMZM2G134502 nup58 nucleoporin58
Testcrosses
probable xyloglucan endotransglucosylase/hydrolase

PHT - 1 105862947 | Zm00001d030103 GRMZM2G070271 umc2230 protein 27
o 1 105553409 = Zm00001d030098 GRMZM2G158976 vq6 VQ motif-transcription factor6

3 177266069 | Zm00001d042694 GRMZM2G110897 polll pollux-likel
PHT - 3 177609579 | Zm00001d042706 GRMZM2G087619 pdssa sister chromatid cohesion protein PDS5 homolog A
HN 3 177276266 | Zm00001d042695 GRMZM2G110922 snrkIl4 SnRK2 serine threonine protein kinase 4

3 177338945 = Zm00001d042697 GRMZM2G077333 psbsl photosystem II subunit PsbS1

2 209512508 = Zm00001d006476 GRMZM2G171707 aco5 aconitase5

2 209563817 | Zm00001d006479 GRMZM2G168706 cdpk3 calcium dependent protein kinase3
YLD - 2 209688288 = Zm00001d006486 GRMZM2G311187 prh79 protein phosphatase homolog79
HN 2 210172903 = Zm00001d006508 GRMZM2G125495 glr3.4 glutamate receptor 3.4

2 209822231 = Zm00001d006493 GRMZM2G470075 mate2l multidrug and toxic compound extrusion21

2 210284963 = Zm00001d006512 GRMZM2G067063 pdil2 protein disulfide isomerasel2

N deficiency is an important factor causing low yields in maize.
During reproductive stage, N stress induces plant senescence,
protein degradation, and thus reduces photosynthesis (Mu and
Chen, 2021). To keep high GY in LN conditions, it is crucial to
select genotypes with better performance under N stress conditions.
Our study identified BGEM lines with outstanding performance
under LN conditions. This shows the effectiveness of the DH
technique in creating genetic variation that can be exploited in
breeding for LN stress tolerance. Furthermore, the high performing
lines from the same heterotic group could be used to develop
breeding populations, either a synthetic population and/or several
biparental populations. These could be used as a germplasm source
for the development of new maize inbred lines with high allele
frequency for NUE. Conversely, the BGEM lines from opposite
heterotic groups might be used as parents in the development of
maize hybrids tolerant to N stress conditions.

On average, the increase in ASI due to N deficiency stress was
16.24 GDUs in the per se trials and 20.01 GDUs in the testcross
trials. Other studies have also reported an increase in ASI under LN
conditions (Lafitte and Edmeades, 1995; Bertin and Gallais, 2000;
Presterl et al., 2002; Gallais and Hirel, 2003; Abdel-Ghani et al.,
2013; Das et al, 2019). According to Lin and Tsay (2017), the
flowering time is postponed by either extreme deficiency or excess
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of N, while intermediate N concentrations promote flowering.
Conversely, PHT means were lower under LN conditions for both
per se and testcross trials. PHT reduction due to N deficiency stress
was also observed in both inbred lines per se and testcrosses by
Prester] et al. (2002). N is the most limiting nutrient and its rate of
application influences maize growth and development at different
stages. According to Singh et al. (2022), maize plants grown under
LN conditions exhibited visual symptoms of N deficiency such as
stunted growth and a significant reduction in shoot biomass. This
indicates stress-related growth retardation, highlighting the
prominent role of N for biomass accumulation (Qi and Pan, 2022).

Broad sense heritability in LN condition decreased from 0.02
(PHT in the combined analysis) to 0.52 (GY in Ames 2014) in the
per se trials, and from 0.20 (PHT in the combined analysis) to 0.32
(GY in Ames 2015A) in the testcross trials. Decrease in heritability
under stress conditions was also observed in previous studies in
both maize inbred lines per se (Agrama et al., 1999; Bertin and
Gallais, 2000; Gallais and Coque, 2005) and testcrosses (Banziger
et al, 1997; Presterl et al,, 2002). Reasons for the decrease in
heritability estimates include the decrease in genotypic variances
instead of increased error variances (Binziger et al., 1997; Gallais
and Coque, 2005) and higher genotypes by environments
interaction under LN than under HN (Gallais and Coque, 2005).
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The significant genotype x N condition interactions for most of the
traits suggests that the genotypes responded differently to the N
conditions. According to Presterl et al. (2003), the high variance in
the genotype x N interactions emphasizes the need for multi-
environment testing to identify N-use efficient cultivars with a
broad adaptation to different N levels.

4.2 Correlations between per se and
testcross agronomic traits

Indirect selection for GY based on secondary traits is a cheaper
approach compared to direct selection for GY due to relatively high
heritability of secondary traits and high genetic correlation between
secondary traits and GY under LN conditions. As heritability
estimates for GY were low to moderate in our study, significant
and close correlations between GY and traits with higher
heritability, such as PHT and ASI, would be useful for indirect
selection. Moreover, correlations between GY under HN and LN
would be useful to predict GY under LN based on HN trials.
However, the efficiency of indirect selection depends on the strength
of the genetic correlation between the environments or traits. In this
context, despite positive correlation between HN and LN conditions
for GY, the magnitude of the correlation coefficients in our study
was small and non-significant in most cases. While in the per se
trials, the GY correlation between HN and LN was close to 0.70, the
correlation was<0.50 in the testcross trials. This reveals how critical
it is to evaluate genotypes under the target environment, for both
stress and optimal N conditions. Indirect selection for GY under LN
through performances obtained from HN conditions was found to
be inefficient in a study conducted by Ertiro et al. (2020). According
to the authors, low efficiency of indirect selection was explained by
the low correlation between environments that resulted from a high
proportion of genotype x N variance.

In our study, significant and moderately negative correlations were
observed between GY and ASI in the per se trials, while these were not
significant in the testcross trials. Silva et al. (2022) also reported a
negative association between ASI and GY. Gallais and Hirel (2003)
suggested that ASI may have a role in stress tolerance physiology,
wherein having a shorter ASI would translate to that genotype having a
better N metabolism efficiency, or increased yield under LN
conditions. Correlations between PHT under HN and PHT under
LN were higher than 0.70 for both per se and testcrosses trials, which
indicates a possibility to evaluate PHT under only one N condition.

In terms of correlation between traits in BGEM lines per se and
testcrosses, weak to non-significant correlations were observed
between per se and testcross data. Therefore, the prediction of
testcross performance based on per se information does not seem to
be feasible for BGEM materials. This prediction is even more
difficult for traits showing high heterotic effect, such as GY.
Therefore, while the BGEM per se lines are mainly under additive
genetic control, their testcrosses have the effect of dominance and,
potentially, epistasis effects. According to Mihaljevic et al. (2005), an
indirect improvement of testcross based on per se performance is
economically advantageous, but it is only feasible with a high
positive correlation between per se and testcross performance.
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4.3 Significant SNP-trait associations
detected by GWAS

The MLM model did not detect significant SNPs. The MLM
with PCA and K model includes the kinship matrix in the model
and is expected to reduce the false positives that arise from family
relatedness (Yu et al., 2006). However, advantages of the MLM
model to control false positives disappear for complex traits when
they are associated with population structure having extensive
genetic divergence. Kaler et al. (2019) reported that MLM model
was particularly conservative and did not find any significant
markers, while the FarmCPU model performed better with a less
conservative approach. We used FarmCPU model, a GWAS
approach that included population structure and kinship and
additional algorithms that were used to address confounding
problems between the markers and covariates Liu X. et al. (2016).
This makes FarmCPU a GWAS approach that is intermediate
between GLM and MLM in terms of stringency. In this context,
the majority of candidate genes found in our study are related to
stress tolerance. The bHLH (Zm00001d005841) displayed a subset
of stress-responsive genes in Arabidopsis (Smolen et al., 2002). We
also found a nuclear pore complex, nup, (Zm00001d005856), which
is the main transport channel between cytoplasm and nucleoplasm
and plays an important role in stress response. According to Liu
et al. (2022), the overexpression of nup58 in maize significantly
promoted both chlorophyll content and activities antioxidant
enzymes under drought and salt conditions. In addition, the
expression patterns of the VQ genes (Zm00001d030098) have
been analyzed in stress response in maize. According to Song
et al. (2015), VQ motif-containing proteins play crucial roles in
abiotic stress responses in plants. The expression profiles of VQ
genes were analyzed in response to LN stress in soybean (Wang
et al, 2014). The SnRK2 family members (Zm00001d042695) are
plant-specific serine/threonine kinases involved in plant response to
abiotic stresses and abscisic-acid-dependent plant development
(Kulik et al., 2011). The cdpk (Zm00001d006479) is one of the
well-known Ca®" sensor protein kinases involved in environmental
stress resistance (Asano et al.,, 2012). Several cdpks have been shown
to be essential factors in abiotic stress tolerance, positively or
negatively regulating stress tolerance by modulating abscisic acid
signaling and reducing the accumulation of reactive oxygen species
(Asano et al., 2012).

In our study, we found one SNP marker (S2_209927372) with
over 40% of PEV. Although the literature reports few cases of total
PEV higher than 30% for GY (Ajnone-Marsan et al., 1995; Sibov
et al, 2003; Liu et al, 2012), the identification of a major GY-
associated QTL is unusual. Fundamentally, a significant SNP can be
due to a superior allele with potential to increase GY in elite
germplasm. Conversely, a significant SNP can be caused by a
yield-reducing allele. The latter option seems likely, given that
GEM materials are based on non-adapted exotic introgressions.
In addition, we observed that the SNPs found under LN did not
overlap those found under HN. This result validates the low
correlation observed between environments. Under abiotic stress
conditions, the physiological mechanisms involved and genes
responsible in control of traits may be different. Plants respond to
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abiotic stress through a variety of physiological, biochemical, and
transcriptional mechanisms Waters et al, 2017. Potentially, the
genes exhibited altered levels of expression in response to the LN
stress, which confirmed the need to screen and select genotypes for
each N condition separately. We also observed negative and positive
allelic effects. A positive value of allelic effect indicates that the
minor allele was the favorable allele associated with the increase in
the target trait, and a negative value indicates that the major allele
was the favorable allele associated with the target trait (Ertiro
et al., 2020).

Our derived DH lines may be promising materials for further
studies on NUE or developing lines with improved NUE. SNPs
significantly associated with agronomic traits under LN conditions,
which can aid in improving NUE in maize. These SNPs can also be
used to select for donor lines or superior breeding lines, after
validating these putative SNPs by developing near-isogenic lines
for linkage or expression analysis, or through transgenic methods.
Our study shows that exotic germplasm from the GEM project are,
therefore, useful sources of novel genes to select for yield and other
agronomic traits under low N to improve NUE in maize.

Data availability statement

The original contributions presented in the study are publicly
available. This data can be found here: https://doi.org/10.25380/
iastate.24009039.v1.

Author contributions

DS: Data curation, Formal Analysis, Methodology, Writing -
original draft, Writing — review & editing. AS: Formal Analysis,
Writing - original draft, Writing - review & editing. PM: Writing -
original draft, Writing - review & editing. EP: Methodology,

References

Abdel-Ghani, A. H., Kumar, B., Reyes-Matamoros, J., Gonzales-Portilla, P., Jansen,
C., San Martin, J. P., et al. (2013). Genotypic variation and relationships between
seedling and adult plant traits in maize (Zea mays L.) inbred lines grown under
contrasting nitrogen levels. Euphytica 189, 123-133. doi: 10.1007/5s10681-012-0759-0

Agrama, H. A., Zakaria, A. G,, Said, F. B., and Tuinstra, M. (1999). Identification of
quantitative trait loci for nitrogen use efficiency in maize. Mol. Breed. 5 (2), 187-195.
doi: 10.1023/A:1009669507144

Ajnone-Marsan, P., Monfredini, G., Ludwig, W. F., Melchinger, A. E., Franceschini,
P., Pagnotto, G., et al. (1995). In an elite cross of maize a major quantitative trait locus
controls one-fourth of the genetic variation for grain yield. Theoret. Appl. Genet. 90,
415-424. doi: 10.1007/BF00221984

Alexander, R. B., Smith, R. A,, Schwarz, G. E., Boyer, E. W,, Nolan, J. V., and
Brakebill, J. W. (2007). Differences in phosphorus and nitrogen delivery to the Gulf of
Mexico from the Mississippi River Basin. Environ. Sci. Technol. 42 (3), 822-830.
doi: 10.1021/es0716103

Andorf, C,, Beavis, W. D., Hufford, M., Smith, S., Suza, W. P., Wang, K,, et al. (2019).
Technological advances in maize breeding: past, present and future. Theor. Appl. Genet.
132, 817-849. doi: 10.1007/s00122-019-03306-3

Asano, T., Hayashi, N., Kikuchi, S., and Ohsugi, R. (2012). CDPK-mediated abiotic
stress signaling. Plant Signal. Behav. 7 (7), 817-821. doi: 10.4161/psb.20351

Frontiers in Plant Science

11

10.3389/fpls.2023.1270166

Writing - original draft, Writing - review & editing. GD:
Supervision, Validation, Writing - review & editing. MC:
Funding acquisition, Validation, Writing - review & editing. MB:
Funding acquisition, Writing - review & editing. TL:
Conceptualization, Funding acquisition, Methodology, Project
administration, Supervision, Writing - review & editing.

Funding

The authors declare financial support was received for the
research, authorship, and/or publication of this article. Funding
for this work was provided by USDA’s National Institute of Food
and Agriculture (NIFA) Project, Nos. IOW04314, IOW01018, and
IOW05510; and NIFA award 2018-51181-28419. Funding for this
work was also provided by the R.F. Baker Center for Plant Breeding,
Plant Sciences Institute, and K.J. Frey Chair in Agronomy at Iowa
State University.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Binziger, M., Betran, F. ], and Lafitte, H. R. (1997). Efficiency of high-nitrogen
selection environments for improving maize for low-nitrogen target environments.
Crop Sci. 37, 1103-1109. doi: 10.2135/cropscil997.0011183X003700040012x

Bertin, P., and Gallais, A. (2000). Genetic variation for nitrogen use efficiency in a set
of recombinant maize inbred lines. I. Agrophysiological results. Maydica 45.
doi: 10.3389/fpls.2021.625915

Bradbury, P. ., Zhang, Z., Kroon, D. E., Casstevens, T. M., Ramdoss, Y., and Buckler,
E. S. (2007). TASSEL: software for association mapping of complex traits in diverse
samples. Bioinform 23 (19), 2633-2635. doi: 10.1093/bioinformatics/btm308

Brenner, E. A., Blanco, M., Gardner, C., and Liibberstedt, T. (2012). Genotypic and
phenotypic characterization of isogenic doubled haploid exotic introgression lines in
maize. Mol. Breed. 30, 1001-1016. doi: 10.1007/s11032-011-9684-5

Chen, F. ], Fang, Z. G,, Gao, Q,, Ye, Y. L, Jia, L. L, Yuan, L. X,, et al. (2013).
Evaluation of the yield and nitrogen use efficiency of the dominant maize hybrids
grown in North and Northeast China. Sci. China Life Sci. 56, 552-560. doi: 10.1007/
s11427-013-4462-8

Das, B., Atlin, G. N,, Olsen, M., Burguefio, J., Tarekegne, A., Babu, R,, et al. (2019).
Identification of donors for low-nitrogen stress with maize lethal necrosis (MLN)
tolerance for maize breeding in sub-Saharan Africa. Euphytica 215, 80. doi: 10.1007/
510681-019-2406-5

frontiersin.org


https://doi.org/10.25380/iastate.24009039.v1
https://doi.org/10.25380/iastate.24009039.v1
https://doi.org/10.1007/s10681-012-0759-0
https://doi.org/10.1023/A:1009669507144
https://doi.org/10.1007/BF00221984
https://doi.org/10.1021/es0716103
https://doi.org/10.1007/s00122-019-03306-3
https://doi.org/10.4161/psb.20351
https://doi.org/10.2135/cropsci1997.0011183X003700040012x
https://doi.org/10.3389/fpls.2021.625915
https://doi.org/10.1093/bioinformatics/btm308
https://doi.org/10.1007/s11032-011-9684-5
https://doi.org/10.1007/s11427-013-4462-8
https://doi.org/10.1007/s11427-013-4462-8
https://doi.org/10.1007/s10681-019-2406-5
https://doi.org/10.1007/s10681-019-2406-5
https://doi.org/10.3389/fpls.2023.1270166
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Sanchez et al.

Elshire, R. J., Glaubitz, J. C., Sun, Q., Poland, J. A., Kawamoto, K., Buckler, E. S., et al.
(2011). A robust, simple genotyping-by-sequencing (GBS) approach for high diversity
species. PloSOne 6 (5), €19379. doi: 10.1371/journal.pone.0019379

Ertiro, B. T., Olsen, M., Das, B., Gowda, M., and Labuschagne, M. (2020). Efficiency
of indirect selection for grain yield in maize (Zea mays L.) under low nitrogen
conditions through secondary traits under low nitrogen and grain yield under
optimum conditions. Euphytica 216, 134. doi: 10.1007/s10681-020-02668-w

Gallais, A., and Coque, M. (2005). Genetic variation and selection for nitrogen use
efficiency in maize: a synthesis. Maydica 50, 531-547.

Gallais, A., and Hirel, B. (2003). An approach to the genetics of nitrogen use
efficiency in maize. J. Exp. Bot. 55, 295-306. doi: 10.1093/jxb/erh006

Gao, X., Becker, L. C., Becker, D. M., Starmer, J. D., and Province, M. A. (2010).
Avoiding the high Bonferroni penalty in genome-wide association studies. Genet.
Epidemiol. 34, 100-105. doi: 10.1002/gepi.20430

Getahun, B. B., Visser, R. G. F., and van der Linden, C. G. (2020). Identification of
QTLs associated with nitrogen use efficiency and related traits in a diploid potato
population. Am. J. Potato Res. 97, 185-201. doi: 10.1007/s12230-020-09766-4

Gheith, E. M. S, El-Badry, O. Z., Lamlom, S. F., Ali, H. M., Siddiqui, M. H., Ghareeb,
R. Y, et al. (2022). Maize (Zea mays L.) productivity and nitrogen use efficiency in
response to nitrogen application levels and time. Front. Plant Sci. 13. doi: 10.3389/
fpls.2022.941343

Goolsby, D. A., Battaglin, W. A., Aulenbach, B. T., and Hooper, R. P. (2000).
Nitrogen flux and sources in the Mississippi River Basin. Sci. Total Environ. 248 (2),
75-86. doi: 10.1016/s0048-9697(99)00532-x

Hallauer, A. R., Miranda Filho, J. B., and Carena, M. J. (2010). Quantitative genetics
in maize breeding (New York: Springer).

Johnson, R. C., Nelson, G. W., Troyer, J. L., Lautenberger, J. A., Kessing, B. D,,
Winkler, C. A, et al. (2010). Accounting for multiple comparisons in a genome-wide
association study (GWAS). BMC Genom. 11, 724. doi: 10.1186/1471-2164-11-724

Kaler, A. S, Gillman, J. D., Beissinger, T., and Purcell, L. C. (2019). Comparing
different statistical models and multiple testing corrections for association mapping in
soybean and maize. Front. Plant Sci. 10, 1794. doi: 10.3389/fpls.2019.01794

Kinsella, R. J., Kahiri, A., Haider, S., Zamora, J., Proctor, G., Spudich, G., et al. (2011).
Ensembl BioMarts: a hub for data retrieval across taxonomic space. Database 2011,
bar030. doi: 10.1093/database/bar030

Kulik, A., Wawer, I, Krzywinska, E., Bucholc, M., and Dobrowolska, G. (2011).
SnRK2 protein kinases - key regulators of plant response to abiotic stresses. Omics J.
Integr. Biol. 15 (12), 859-872. doi: 10.1089/0mi.2011.0091

Kumari, S., Sharma, N., and Raghuram, N. (2021). Meta-analysis of yield-related and
n-responsive genes reveals chromosomal hotspots, key processes and candidate genes
for nitrogen-use efficiency in rice. Front. Plant Sci. 12. doi: 10.3389/fpls.2021.627955

Ladha, J. K., Tirol-Padre, A., Reddy, C. K., Cassman, K. G., Verma, S., Powlson, D. S.,
et al. (2016). Global nitrogen budgets in cereals: a 50-year assessment for maize, rice,
and wheat production systems. Sci. Rep. 6, 19355. doi: 10.1038/srep19355

Lafitte, H. R., and Edmeades, G. O. (1995). Association between traits in tropical
maize inbred lines and their hybrids under high and low soil nitrogen. Maydica 40 (3),
259-267.

Lin, Y. L., and Tsay, Y. F. (2017). Influence of differing nitrate and nitrogen
availability on flowering control in Arabidopsis. J. Exp. Bot. 68, 2603-2609.
doi: 10.1093/jxb/erx053

Lipka, A. E,, Tian, F., Wang, Q., Peiffer, J., Li, M., Bradbury, P. ], et al. (2012).
GAPIT: genome association and prediction integrated tool. Bioinform 28 (18), 2397
2399. doi: 10.1093/bioinformatics/bts444

Liu, Z., Abou-Elwafa, S. F,, Xie, J.,, Liu, Y., Li, S., Aljabri, M,, et al. (2022). A
Nucleoporin NUP58 modulates responses to drought and salt stress in maize (Zea mays
L.). Plant Sci. 320, 111296. doi: 10.1016/j.plantsci.2022.111296

Liu, X., Huang, M., Fan, B., BucKler, E. S., and Zhang, Z. (2016). Iterative usage of
fixed and random effect models for powerful and efficient genome-wide association
studies. PloS Genet. 12 (2), €1005767. doi: 10.1371/journal.pgen.1005767

Liu, R, Jia, H., Cao, X, Huang, J,, Li, F,, Tao, Y., et al. (2012). Fine mapping and
candidate gene prediction of a pleiotropic quantitative trait locus for yield-related trait
in Zea mays. PloS One 7 (11), €49836. doi: 10.1371/journal.pone.0049836

Liu, Z., Wang, Y., Ren, J., Mei, M,, Frei, U. K. B., Trampe, B,, et al. (2016a). Maize
doubled haploids. Plant Breed. Rev. 40, 123. doi: 10.1002/9781119279723.ch3

Liu, Z., Zhu, C,, Jiang, Y., Tian, Y., Yu, ., An, H,, et al. (2016b). Association mapping
and genetic dissection of nitrogen use efficiency-related traits in rice (Oryza sativa L.).
Funct. Integr. Genomics 16, 323-333. doi: 10.1007/s10142-016-0486-z

Ma, L., Qing, C,, Frei, U, Shen, Y., and Liibberstedt, T. (2020). Association mapping
for root system architecture traits under two nitrogen conditions in germplasm
enhancement of maize doubled haploid lines. Crop J. 8 (2), 213-226. doi: 10.1016/
1.6j.2019.11.004

Ma, L, Wang, C, Hu, Y., Dai, W,, Liang, Z,, Zou, C,, et al. (2022). GWAS and
transcriptome analysis reveal MADS26 involved in seed germination ability in maize.
Theor. Appl. Genet. 135 (5), 1717-1730. doi: 10.1007/s00122-022-04065-4

McGeehan, S. L., and Naylor, D. V. (1988). Automated instrumental analysis of
carbon and nitrogen in plant and soil samples. Commun. Soil Sci. Plant Anal. 19 (4),
493-505. doi: 10.1080/00103628809367953

Frontiers in Plant Science

10.3389/fpls.2023.1270166

Mihaljevic, R., Schén, C. C.,, Utz, H. F., and Melchinger, A. E. (2005). Correlations
and QTL correspondence between line per se and testcross performance for agronomic
traits in four populations of European maize. Crop Sci. 45, 114-122. doi: 10.2135/
cropsci2005.0114a

Mu, X, and Chen, Y. (2021). The physiological response of photosynthesis to
nitrogen deficiency. Plant Physiol. Biochem. 158, 76-82. doi: 10.1016/
j.plaphy.2020.11.019

Nag, P., and Das, S. (2022). “Microbiome to the rescue: nitrogen cycling and fixation
in non-legumes,” in Nitrogen fixing bacteria: sustainable growth of non-legumes
(Singapore: Springer Nature Singapore), 195-214.

Pollak, L. M. (2003). The history and success of the public-private project on
germplasm enhancement of maize (GEM). Adv. Agron. 78, 45-87. doi: 10.1016/S0065-
2113(02)78002-4

Portwood, J. L., Woodhouse, M. R., Cannon, E. K., Gardiner, J. M., Harper, L. C,,
Schaeffer, M. L., et al. (2019). MaizeGDB 2018: the maize multi-genome genetics and
genomics database. Nucleic Acids Res. 47, 1146-1154. doi: 10.1093/nar/gky1046

Presterl, T., Seitz, G., Landbeck, M., Thiemt, E. M., Scmidt, W., and Geiger, H. H.
(2003). Improving nitrogen-use efficiency in European maize - estimation of quantitative
genetic parameters. Crop Sci. 43, 1259-1265. doi: 10.2135/cropsci2003.1259

Presterl, T, Seitz, G., Scmidt, W., and Geiger, H. H. (2002). Improving nitrogen-use
efficiency in European maize - comparison between line per se and testcross
performance under high and low soil nitrogen. Maydica 47, 83-91.

Qi, D, and Pan, C. (2022). Responses of shoot biomass accumulation, distribution,
and nitrogen use efficiency of maize to nitrogen application rates under waterlogging.
Agric. Water Manage. 261, €107352. doi: 10.1016/j.agwat.2021.107352

R Core Team (2014). R: A language and environment for statistical computing
(Vienna, Austria: R Foundation for Statistical Computing).

Réber, F. K., Gordillo, G. A., and Geiger, H. H. (2005). In vivo haploid induction in
maize-performance of new inducers and significance of doubled haploid lines in hybrid
breeding. Maydica 50, 275-283.

Salhuana, W., and Pollak, L. (2006). Latin American maize project (LAMP) and
germplasm enhancement of maize (GEM) project: Generating useful breeding
germplasm. Maydica 51 (2), 339-355.

Sanchez, D. L., Liu, S., Ibrahim, R., Blanco, M., and Liibberstedt, T. (2018). Genome-
wide association studies of doubled haploid exotic introgression lines for root system
architecture traits in maize (Zea mays L.). Plant Sci. 268, 30-38. doi: 10.1016/
j-plantsci.2017.12.004

Sibov, S. T., Souza, C. L., Garcia, A. A. F,, Silva, A. R, Garcia, A. F,, Mangolin, C. A,,
et al. (2003). Molecular mapping in tropical maize (Zea mays L.) using microsatellite
markers. Hereditas 139 (2), 107-115. doi: 10.1111/j.1601-5223.2003.01667.x

Silva, P. C,, Sanchez, A. C., Opazo, M. A., Mardones, L. A., and Acevedo, E. A. (2022).
Grain yield, anthesis-silking interval, and phenotypic plasticity in response to changing
environments: Evaluation in temperate maize hybrids. Field Crops Res. 285, e108583.
doi: 10.1016/j.fcr.2022.108583

Singh, P., Kumar, K,, Jha, A. K,, Yadava, P., Pal, M., Rakshit, S, et al. (2022). Global gene
expression profiling under nitrogen stress identifies key genes involved in nitrogen stress
adaptation in maize (Zea mays L.). Sci. Rep. 12, 4211. doi: 10.1038/s41598-022-07709-z

Smolen, G. A., Pawlowski, L., Wilensky, S. E., and Bender, J. (2002). Dominant alleles
of the basic helix-loop-helix transcription factor ATR2 activate stress-responsive genes
in Arabidopsis. Genetics 161 (3), 1235-1246. doi: 10.1093/genetics/161.3.1235

Song, W., Zhao, H., Zhang, X,, Lei, L., and Lai, J. (2015). Genome-wide identification
of VQ motif-containing proteins and their expression profiles under abiotic stresses in
maize. Front. Plant Sci. 6. doi: 10.3389/fpls.2015.01177

Vanous, A., Gardner, C., Blanco, M., Martin-Schwarze, A., Lipka, A. E., Flint-Garcia,
S., et al. (2018). Association mapping of flowering and height traits in germplasm
enhancement of maize doubled haploid (GEM-DH) lines. Plant Genome 11 (2),
170083. doi: 10.3835/plantgenome2017.09.0083

Vanous, K., Vanous, A., Frei, U. K., and Liibberstedt, T. (2017). Generation of maize
(Zea mays) doubled haploids via traditional methods. Curr. Protoc. Plant Biol. 2 (2),
147-157. doi: 10.1002/cppb.20050

Verzegnazzi, A. L., Dos Santos, I. G., Krause, M. D., Hufford, M., Frei, U. K,,
Campbell, J., et al. (2021). Major locus for spontaneous haploid genome doubling
detected by a case—control GWAS in exotic maize germplasm. Theor. Appl. Genet. 134,
1423-1434. doi: 10.1007/s00122-021-03780-8

Wang, X., Zhang, H., Sun, G,, Jin, Y., and Qiu, L. (2014). Identification of active VQ
motif-containing genes and the expression patterns under low nitrogen treatment in
soybean. Gene 543, 237-243. doi: 10.1016/j.gene.2014.04.012

Wani, S. H,, Vijayan, R,, Choudhary, M., Kumar, A,, Zaid, A., Singh, V., et al. (2021).
Nitrogen use efficiency (NUE): elucidated mechanisms, mapped genes and gene
networks in maize (Zea mays L.). Physiol. Mol. Biol. Plants 27, 2875-2891.
doi: 10.1007/s12298-021-01113-z

Waters, A. J., Makarevitch, I, Noshay, J., Burghardt, L. T., Hirsch, C. N., Hirsch, C.
D., et al. (2017). Natural variation for gene expression responses to abiotic stress in
maize. Plant J. 89 (4), 706-717. doi: 10.1111/tpj.13414

Wu, L, Zheng, Y., Jiao, F., Wang, M., Zhang, J., Zhang, Z., et al. (2022). Identification
of quantitative trait loci for related traits of stalk lodging resistance using genome-wide

association studies in maize (Zea mays L.). BMC Genom. Data 23, 1-16. doi: 10.1186/
512863-022-01091-5

frontiersin.org


https://doi.org/10.1371/journal.pone.0019379
https://doi.org/10.1007/s10681-020-02668-w
https://doi.org/10.1093/jxb/erh006
https://doi.org/10.1002/gepi.20430
https://doi.org/10.1007/s12230-020-09766-4
https://doi.org/10.3389/fpls.2022.941343
https://doi.org/10.3389/fpls.2022.941343
https://doi.org/10.1016/s0048-9697(99)00532-x
https://doi.org/10.1186/1471-2164-11-724
https://doi.org/10.3389/fpls.2019.01794
https://doi.org/10.1093/database/bar030
https://doi.org/10.1089/omi.2011.0091
https://doi.org/10.3389/fpls.2021.627955
https://doi.org/10.1038/srep19355
https://doi.org/10.1093/jxb/erx053
https://doi.org/10.1093/bioinformatics/bts444
https://doi.org/10.1016/j.plantsci.2022.111296
https://doi.org/10.1371/journal.pgen.1005767
https://doi.org/10.1371/journal.pone.0049836
https://doi.org/10.1002/9781119279723.ch3
https://doi.org/10.1007/s10142-016-0486-z
https://doi.org/10.1016/j.cj.2019.11.004
https://doi.org/10.1016/j.cj.2019.11.004
https://doi.org/10.1007/s00122-022-04065-4
https://doi.org/10.1080/00103628809367953
https://doi.org/10.2135/cropsci2005.0114a
https://doi.org/10.2135/cropsci2005.0114a
https://doi.org/10.1016/j.plaphy.2020.11.019
https://doi.org/10.1016/j.plaphy.2020.11.019
https://doi.org/10.1016/S0065-2113(02)78002-4
https://doi.org/10.1016/S0065-2113(02)78002-4
https://doi.org/10.1093/nar/gky1046
https://doi.org/10.2135/cropsci2003.1259
https://doi.org/10.1016/j.agwat.2021.107352
https://doi.org/10.1016/j.plantsci.2017.12.004
https://doi.org/10.1016/j.plantsci.2017.12.004
https://doi.org/10.1111/j.1601-5223.2003.01667.x
https://doi.org/10.1016/j.fcr.2022.108583
https://doi.org/10.1038/s41598-022-07709-z
https://doi.org/10.1093/genetics/161.3.1235
https://doi.org/10.3389/fpls.2015.01177
https://doi.org/10.3835/plantgenome2017.09.0083
https://doi.org/10.1002/cppb.20050
https://doi.org/10.1007/s00122-021-03780-8
https://doi.org/10.1016/j.gene.2014.04.012
https://doi.org/10.1007/s12298-021-01113-z
https://doi.org/10.1111/tpj.13414
https://doi.org/10.1186/s12863-022-01091-5
https://doi.org/10.1186/s12863-022-01091-5
https://doi.org/10.3389/fpls.2023.1270166
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Sanchez et al.

Xu, S., Tang, X., Zhang, X., Wang, H,, Ji, W.,, Xu, C,, et al. (2023). Genome-wide
association study identifies novel candidate loci or genes affecting stalk strength in
maize. Crop J. 11, 220-227. doi: 10.1016/j.¢j.2022.04.016

Yu, X,, Keitel, C., Zhang, Y., Wangeci, A. N., and Dijkstra, F. A. (2022). Global meta-
analysis of nitrogen fertilizer use efficiency in rice, wheat and maize. Agric. Ecosyst.
Environ. 338, €108089. doi: 10.1016/j.agee.2022.108089

Frontiers in Plant Science

13

10.3389/fpls.2023.1270166

Yu, J., Pressoir, G., Briggs, W. H., Bi, L. V., Yamasaki, M., Doebley, J. F., et al. (2006).
A unified mixed-model method for association mapping that accounts for multiple
levels of relatedness. Nat. Genet. 38 (2), 203-2088. doi: 10.1038/ng1702

Zuffo, L. T, DeLima, R. O., and Liibberstedt, T.. (2022). Combining datasets for
maize root seedling traits increases the power of GWAS and genomic prediction
accuracies. J. Exp. Bot. 73 (16), 5460-5473. doi: 10.1093/jxb/erac236

frontiersin.org


https://doi.org/10.1016/j.cj.2022.04.016
https://doi.org/10.1016/j.agee.2022.108089
https://doi.org/10.1038/ng1702
https://doi.org/10.1093/jxb/erac236
https://doi.org/10.3389/fpls.2023.1270166
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Phenotypic and genome-wide association analyses for nitrogen use efficiency related traits in maize (Zea mays L.) exotic introgression lines
	1 Introduction
	2 Materials and methods
	2.1 Plant materials
	2.2 Field trials
	2.3 Agronomic traits evaluated
	2.4 Statistical analysis of agronomic traits
	2.5 Molecular marker data
	2.6 Genome-wide association studies

	3 Results
	3.1 Field performance of BGEM lines per se under high and low nitrogen conditions
	3.2 Performance of testcrosses under high and low nitrogen conditions
	3.3 Correlations among and within per se and testcross agronomic traits
	3.4 Genome-wide association studies for agronomic traits in per se and testcross trials

	4 Discussion
	4.1 Effect of nitrogen deficiency on agronomic traits
	4.2 Correlations between per se and testcross agronomic traits
	4.3 Significant SNP-trait associations detected by GWAS

	Data availability statement
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


