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Soybean Nitrogen Uptake and Utilization
in Argentina and United States Cultivars

José L. Rotundo,* Lucas Borras, Jason De Bruin and Palle Pedersen

ABSTRACT

Crop production increase needed to satisfy a
growing world population depends, at least par-
tially, on increasing current genetic gain in yield.
Theory proposes that increased genetic gain can
be attained using diverse high-yielding parents.
Physiological traits, compared to molecular or
morphological markers, are hypothesized to
better estimate parental diversity. A trait-based
hybridization approach will require assessing
diversity for physiological traits. Here, we phe-
notyped several traits using two physiological
frameworks to assess diversity in 25 and 65 elite
cultivars from Argentina (ARG) and the United
States (USA), respectively. First, we identified
the highest-yielding cultivar clusters across two
environments in each country. These cultivars
had the highest N uptake at both ARG and USA.
Therefore, there was no genotypic diversity for
total N uptake within each cluster. For other
traits, the highest yielding clusters did not show
the highest values. There was residual diversity
within ARG and USA highest yielding clusters
in the temporal pattern of N uptake, N use effi-
ciency, and N harvest index. Stacking these
traits in one cultivar could potentially increase
yield by 13%. The possibility of such stacking,
however, depends on the nature of the pheno-
typic correlation among traits. We demonstrated
that several trade-off correlations between phe-
notyped traits, thought to hinder stacking, are
actually not biologically based.
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SOYBEAN [Glycine max (L.) merr.] seed yield has been increas-
ing between 0.5 and 1% per year during the last 20 years in
the United States (Specht et al., 1999). Approximately 50% of this
increase is due to genetic improvement while the other 50% is
attributed to better management practices (Duvick, 2005; Egli,
2008; Specht et al., 1999). Future yield increases must continue to
come, at least partially, from genetic improvement.

A more rapid rate of genetic gain could be achieved through
increased interaction between crop physiologists and plant breed-
ers (Cooper and Hammer, 2005; Duvick, 2005; Hammer et al.,
2006). Traditional breeding of autogamous species is an empirical
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activity based on hybridization of high-yielding cultivars,
population development, progeny evaluation, and selec-
tion for yield (Fehr, 1998). Multidisciplinary approaches
are needed to fulfill the objective of increasing future
genetic gains (Wollenweber et al., 2005). One aspect
where crop physiology can assist breeding is parental
selection to develop populations with higher chances of
producing transgressive highest-yielding progeny (Reyn-
olds et al., 2011). The probability of obtaining transgres-
sive high-yielding progeny is expected to be highest as
parental genetic distance increases (Falconer and Mackay,
1960). Genetic distance has been explored using paren-
tal coefhicients (Gizlice et al., 1993), molecular markers
(Brown-Guedira et al., 2000), and/or simple morphologi-
cal traits (Perry, 1991). Empirical evidence relating genetic
distance and transgressive segregation have yielded mixed
results (Bohn et al., 1999; Burkhamer et al., 1998; Car-
pentieri-Pipolo et al., 2000; Gizlice et al., 1993; Kisha et
al., 1997). We hypothesize that using physiological traits
to assess genetic distance may have more predictive value
than other characteristics less, or not directly, related with
yield (e.g., molecular markers, morphological traits, or
pedigree information; Reynolds et al., 2011). A required
step for using physiological traits to assess genetic distance
is defining a physiological framework to identify environ-
mentally-stable traits related to seed yield.

Seed yield is highly dependent on N uptake (Sinclair
and Horie, 1989). There are different theoretical frame-
works linking N uptake and N use with yield (Cregan
and Vanberkum, 1984; Xu et al., 2012). Total N uptake at
physiological maturity (R7) can be characterized accord-
ing to the timing of N uptake:

Total Nat R7 (kgNha') = N, T Ny ps
+ NR57R7

(1]

where N is uptake between planting and R1, N, ..
is uptake during the seed number determination period,
and N, . . is uptake during the seed-filling period. Seed
yield can then be explained, as a function of total uptake,

using this framework:
Seed yield (kgha™') = Total N at R7 x NUE x HI 2]

where NUE is physiological N use efficiency for biomass
production (kg total biomass kg N uptake™!) (Novoa and
Loomis, 1981) and HI is harvest index (kg seed kg total
shoot biomass™!). Another framework frequently used to
analyze seed yield variation in relation to N is:

Seed yield (kg hafl) = Total N at R7 x NHIX Seed N™' [3]

where NHI is the N harvest index (kg seed N kg N
uptake ') and seed N is the N concentration in the seed.

Another trait characterizing soybean N use, not included
explicitly in the above mentioned functions, is apparent
N remobilization (%). This is defined as the proportion of
seed N coming from vegetative storage at R5.

Stacking some of these physiological traits into a sin-
gle cultivar requires understanding the nature and sign of
the correlations among them. Correlation analysis among
some of these traits (or other traits affecting yield) have
been routinely assessed in the literature. In most cases,
these correlation analyses violate assumptions of inde-
pendence between the correlating variables due to shared
terms (Brett, 2004). For example, correlating NUE and
HI could produce spurious negative correlations because
total biomass is the NUE numerator and the HI denomi-
nator. Also, a negative correlation is expected between
total N uptake and NHI since the latter has total N uptake
in the denominator. The problems associated with corre-
lation analysis of traits sharing common terms have been
analyzed by Donald and Hamblin (1976) when correlating
total biomass with HI. However, straightforward correla-
tions between traits sharing common terms (e.g., total N
vs. NUE or total biomass vs. HI) are commonly reported
in the literature. In our study we assessed whether correla-
tions between meaningful physiological traits that share a
common variable are genuine or spurious. This is a critical
step to determine if a tradeoff between two physiological
processes would hinder future trait stacking.

The present study has four objectives: (i) identify high-
yielding cultivar clusters from the midwestern United States
and central Argentinean Pampas and quantify physiological
differences among clusters within regions; (i1) evaluate the
importance of total N uptake in explaining yield differ-
ences among cultivars; (iii) quantify genotypic diversity in
N uptake and N use traits within the highest-yielding clus-
ters from USA and ARG to identify cultivars with high
yield through different N mechanisms; (iv) analyze trait
correlations, critical for defining trait-based hybridization
strategies (Reynolds et al., 2011). In a previous paper, we
demonstrated cultivar differences in strategies to attain high
yield using a model explaining seed number determination
(Rotundo et al., 2012). Here, a similar approach was fol-
lowed using an N uptake and N use framework.

MATERIALS AND METHODS

Experimental Details

In the 2009 to 2010 and 2010 to 2011 crop seasons, 25 soybean
cultivars (Supplemental Table Sla) from maturity groups IV to
V were evaluated in a Vertic Argiudoll, Roldan series located in
Zavalla (33°1’ S, 60°53’ W), Santa Fe, Argentina (Zav2010 and
Zav2011, respectively). Planting dates were 27 Nov. 2009 and
16 Dec 2010. Plots had four rows, 5.5 m long, with 0.52 m row
spacing. Stand density was 38 plants m 2. Weeds and pests were
successfully controlled and no irrigation was applied. Precipita-
tion during the growing seasons was 637 mm and 424 mm for
Zav2010 and Zav2011, respectively.
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In 2009, 65 cultivars (Supplemental Table S1b) from matu-
rity groups II to III were evaluated at two locations, Agronomy
Farm (42°1' N, 93°46’ W) and Johnson Farm (41°58’ N, 93°38’
W), near Ames, lowa, United States (Agro2009 and John2009,
respectively). Soils were Clarion fine loam (Fine-loamy, mixed,
mesic Typic Haplaquolls) at both sites. Planting date was 15 May
2009. The two sites had different crop rotations. At John2009 the
previous crop was oats (Avena sativa L.) and at Agro2009 it was
corn (Zea mays L.). Plots were similar to ARG but with 0.76-m
row spacing. Stand density was 40 plants m 2. Weeds and pests
were successfully controlled and no irrigation was applied. Pre-
cipitation during the growing season was 396 mm and was simi-
lar for both sites due to proximity. We never inoculated seeds
with Bradyrhizobium japonicum since both ARG and USA regions
have a long history of soybean production and residual bacteria
(De Bruin et al., 2010). Nodulation was observed at both regions.

Soybean phenological stages were estimated three times per
week, on a per-plot basis, scoring 20 consecutive individual plants
each time (Fehr and Caviness, 1977). At both environments (ARG
and USA) all measurements were taken in the two central rows.

Direct Measurement Variables
A total of ten variables were directly measured. The abbrevia-
tion and description of these variables are presented in Table 1.

Total biomass at R1 (tbR1) was hand clipped from 0.5 m
of two central rows (0.52 m~2 in ARG, and 0.76 m~2 in USA).
Samples were dried at 60°C for at least 96 h, and weighed.
Nitrogen concentration of this biomass (conc_tbR1) was
obtained by the Dumas method for total N on a ground sub-
sample (Jung et al., 2003). In all biomass sampling there were
0.5-m border among clipping areas.

Biomass at R5 was also hand clipped as in R1. The entire
sample was separated into pod (plus seeds) and non-pod fractions
to measure reproductive (tbR5) and vegetative biomass (vbR5),
respectively (Table 1). Nitrogen concentration was measured using
Dumas method on each fraction (conc_rbR5 and conc_vbR5).

At R7, one meter of the two central rows was sampled
(1.04 m~2in ARG, and 1.52 m~2 in USA). Samples were dried
at 60°C for at least 96 h, weighed and threshed. Non-seed bio-
mass was saved. Seed biomass was subtracted from the whole
sample to measure seed yield (syR7) and vegetative biomass
(vbR7) at R7. Seeds and vegetative biomass were ground sepa-
rately and analyzed for total N (seed N and conc_vbR7). All
variables, including yield, were expressed on a dry weight base.

Calculated Physiological Traits

A total of eight physiological traits associated with N uptake
and use were calculated from the variables described before
(Table 1). Seed N was another physiological trait, but it was
directly measured.

Nitrogen Uptake Traits
Total N uptake at R7 was calculated as:

N
Total N at R7 (kg hafl) =syR7 seed + vbR7 conc 7. [4]
100 100

where syR7 is seed yield and vbR7 is vegetative biomass, both
at physiological maturity. Seed N and conc_vbR?7 are seed and

Table 1. Description of variables directly measured and the
ones calculated from the former.

Abbreviation Description Units
Variables measured R1, R5 and R7*
tbR1 Total biomass at beginning flowering kg ha™'
conc_tbR1 Total nitrogen concentration 0.1 gkg™
at beginning flowering
rbR5 Reproductive (pod + seed) biomass at kg ha
beginning seed filling
vbR5 Vegetative (non-pod) biomass at kg ha
beginning seed filling
conc_rbR5 Reproductive nitrogen concentration 0.1 gkg™
at beginning seed filling
conc_vbR5 Vegetative biomass nitrogen concentration 0.1 g kg
at beginning seed filling
syR7 Seed yield at physiological maturity kg ha!
vbR7 Vegetative (non-seed) biomass at kg ha
physiological maturity
seed N Seed nitrogen concentration at 01 g kg
physiological maturity
conc_vbR7  Vegetative biomass nitrogen concentration 0.1 g kg

at physiological maturity

Calculated physiological traits
Total N at R7 Total nitrogen uptake at physiological maturity kg ha

Nyeg Total nitrogen uptake between kg ha™
planting and flowering

Ngi_prs Total nitrogen uptake between flowering kg ha™!
and beginning seed filling

Nrs_r7 Total nitrogen uptake between beginning kg ha™!
seed filling and maturity

NUE Nitrogen use efficiency for biomass production kg kg

HI Harvest index kg kg™

NHI Nitrogen harvest index kg kg™

Nremob Apparent nitrogen remobilization kg ha'

fFehr and Caviness (1977).

vegetative biomass N concentrations, respectively, at physi-
ological maturity.

Nitrogen uptake during the vegetative growth stage was cal-
culated as the N captured until beginning of flowering (R 1) stage:

N_ (kgha')= tle[ 5]

veg

conc _tbR1
100

where tbR 1 is total biomass measured at R1 and conc_tbR1 is
the N concentration of this biomass.

Nitrogen uptake during the period for seed number deter-
mination (R1-R5) was estimated as the difference between
total N at R5 minus total N at R1:

iy conc _ vbR5 conc _rbR5
Nyrs (kgha )= [VbRS [71 00 ] + bR 5 [71 00 ]
—RA [ conc _ tle]
100

where vbR5 and rbR’5 are vegetative (non-pod) and reproduc-
tive (pods + seeds) biomass at R5, respectively. Conc_vbR5
and conc_rbR5 are the N concentrations of those fractions.
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Nitrogen uptake during the seed-filling period was calcu-
lated as the difference between total N at physiological matu-
rity (R7) minus total N at the beginning of seed filling (R5):

seed N] [7]
100

conc _rbR5
100

conc _ vbR7
100

Npsrs (kg h371> =

VbR7[ ] +syR7 [

B [VbRS [ conc _VbRS]

+ rbRS[

where syR7 is seed yield and vbR7 is vegetative biomass, both
at physiological maturity. Seed N and conc_vbR?7 are seed and
vegetative biomass N concentrations, respectively, at physi-
ological maturity. VbR5 and rbR5 are vegetative (non-pod)
and reproductive (pod + seed) biomass at R5. Conc_vbR5 and
conc_rbR5 are the N concentrations of those fractions.

Nitrogen Use Traits
Nitrogen use efficiency was defined as the ratio between total
shoot biomass (kg ha™") and total N (kg ha™"), both at R7:

syR7 + vbR7
8
seed N ] 4 WbR7 [ conc]_O\OIbR7 ] (3]

NUE (kgkg™")=

syR7 [

where syR7 is seed yield and vbR7 is vegetative biomass, both
at physiological maturity. Seed N and conc_vbR7 are seed and
vegetative biomass N concentrations, respectively, at physi-
ological maturity.

Harvest index is not an N-use trait, but is relevant to
understand yield differences in conceptual frameworks using
N as the main driver for yield. It was estimated as the ratio
between seed yield and total biomass shoot at R7:

HI (kgkg )= [W] 9]

syR7 + vbR7

where syR7 is seed yield and vbR7 is vegetative biomass, both
at physiological maturity.

Nitrogen harvest index was calculated as the ratio of seed
N (kg ha™) to total shoot N (kg ha™!) at R7:

yR7 [seed N]
NHI (kg kg™') = 100 [10]
yR7 [ selegoN ] 4 VbR7 [ concl_OE)IbR7 ]

Apparent N remobilization (N [kg N ha™"]) during the
seed-filling period was calculated as vegetative non-pod N at

R5 minus vegetative non-seed N at R7 (Zeiher et al., 1982):

Nrcmob (kg ha_1 ) = [1 1]

100
conc_ vbR7 ] }

VbR5 { conc _ vbR5 ]]

100

VbR7[

where vbR5 is
vegetative non-pod biomass and conc_vbR5 is the N concen-
tration of that fraction; vbR7 is vegetative non-seed biomass at

physiological maturity and conc_vbR7 is the N concentration
of that fraction.

Experimental Design and Statistical Analyses

We used a randomized complete block design with three
replications in all trials. Sources of variation were environ-
ments (two planting dates in ARG, and two locations in USA),
blocks, and cultivars.

Cluster analysis for seed yield was analyzed similar to Rotundo
et al. (2012), following De la Vega et al. (2001) and Fox and Rosi-
elle (1982). Criteria for cluster definition were at least 0.76 root
square in all cases. Once clusters were defined, analysis of vari-
ance for seed yield, total biomass at R7, total N at R7, and other
physiological traits was conducted including cluster category as
another variation source. The final model included environment,
cluster, and cultivars nested within clusters as fixed factors. Blocks
(nested within environment) and all the interactions including
blocks were considered random factors. After evaluating differ-
ences among clusters, we were specifically interested in residual
cultivar variation within the highest-yielding clusters from ARG
and USA. Therefore, we focused only on those cultivars for fur-
ther analysis. In this case, the model included environment and
cultivars as fixed factors and blocks (nested within environment)
and all the interactions including blocks were considered random
factors. For both analyses, we used the MIXED procedure of SAS
(SAS Institute, 1999).

Pearson correlation analysis was conducted to analyze
trait correlation within highest-yielding cultivars. Correla-
tions among traits were only tested for those physiological traits
showing significant differences within the highest-yielding cul-
tivars (Table 5). A Monte Carlo simulation approach was used
to test for spurious correlations between physiological traits
sharing common direct measurement variables (Brett, 2004).
This approach compares actual data from Pearson’s coeficient
against a null model generated using randomly-obtained vari-
ables instead of comparing the actual correlation with the R
= 0 model (Brett, 2004). This approach has been successfully
applied to understand other types of agricultural correlations,
such as the tolerance to herbivory vs. potential growth in grasses
(Rotundo and Aguiar, 2008). We generated random values for
the directly-measured variables described in Table 1. The con-
dition for these random values was to have the same number of
observations, mean, and standard deviation as the real data set.

An example with the correlation between NUE (Eq. [8])
and HI (Eq. [9]) for 10 cultivars is described. First, we calcu-
lated the actual average data and standard deviation for syR7,
vbR7, conc_vbR7, and seed N. Second, because 10 cultivars
are being correlated, 10 random values of these four variables
were sampled from a normal distribution with mean and stan-
dard deviation similar to the actual data. With these variables,
NUE and HI are then calculated for the 10 observations (cul-
tivars). Finally, Pearson’s correlation is conducted for these 10
randomly-generated observations and the Pearson’s coefficient
stored. This procedure is repeated 10,000 times. The 10th and
90th percentile interval of these Pearson’s coefficients is reported
as the expected value under random association between vari-
ables. The correlation is assumed to be spurious (originated from
variables sharing common terms) if the correlation calculated
with real data is within the 10th and 90th randomly generated

1156

WWW.CROPS.ORG

CROP SCIENCE, VOL. 54, MAY—JUNE 2014



Table 2. Analysis of variance for seed yield, total aboveground
biomass, and nitrogen at physiological maturity for 25 culti-
vars in Argentina (ARG) and 65 cultivars in the United States
(USA) evaluated in two environments within each region.
Clusters were defined as a function of cultivar responses to
the environment.

Total Total
Seed biomass nitrogen
Source yield at R7 at R7
—— kgha™' —— kg N ha
ARG
Environment NS NS NS
Cluster b * *
Env xCluster e > *
Cultivargsten NS NS NS
Env xCultivar gsten NS NS NS
USA
Environment * > >
Cluster - - _—
Env x Cluster * > *
Cultivargsten NS * NS
Env x Cultivargsten NS NS NS

* Significant at the 0.05 probability level.
** Significant at the 0.01 probability level.
*** Significant at the 0.001 probability level.

interval (Brett, 2004). Monte Carlo simulations were conducted
using R (R Development Core Team, 2011).

RESULTS

Identification of Highest-yielding Clusters
and Physiological Differences Among
Clusters (Objective 1)

Average yields (dry weight basis) in ARG were 3470 and
3718 kg ha ! for Zav2009 and Zav2010, respectively.
In USA, average yields were 2927 and 3884 kg ha™' for
Agro2009 and John2009, respectively. Yield difference
between USA environments was probably related to the
different previous crop.

Cluster analysis of cultivar environmental responses
identified four groups in ARG and five groups in USA
with similar responses (data not shown). An R? value of
0.76 was chosen as criterion to define clusters, so 76% of
the original variation was retained by including cluster
identification (instead of cultivars) as a source of variation.
Analysis of variance for yield showed no significant culti-
var effects or cultivar by environment interactions within
clusters (Table 2), indicating clustering was appropriate.

There was a significant environment by cluster inter-
action for ARG and USA for yield (Fig. 1). In ARG, post-
hoc comparison indicated Cluster 2 (7 cultivars) was the
most successful in terms of seed yield across environments
(Fig. 1a). In USA, Cluster 3 (12 cultivars) was identified as
the most successful (Fig. 1b).

The four clusters identified in ARG differed signifi-
cantly in chg, HI, seed N, and N (Table 3). Clusters 2,

(a) ARG (b) USA
4500+ .
. 4000+ | 1]
2 3500- .
2
% 3000+ A
= -O- Cluster 1
% 25004 -0~ custer1 T {1} Cluster2
» - Cluster2 —&— Cluster 3
2000+ -/~ Cluster 3 T - Clzzt::4
-~/ Cluster 4 Cluster 5
1500 T T T < |us =
Zav2010 Zav2011 Agro2009  John2009
Environment Environment

Figure 1. Yield for (a) four groups of soybean cultivars from Argen-
tina (ARG) and (b) five groups of soybean cultivars from the United
States (USA). Cultivar groups were identified by cluster analysis in
two environments. Zav2010 and Zav2011 stand for the two envi-
ronments (years) evaluated in Zavalla, Argentina. Agro2009 and
John2009 stand for the two environments (locations) evaluated in
the USA. Bar shows the least significant difference (LSD; p < 0.05)
for comparison.

3, and 4 had similar N__, which were larger than the value
registered for Cluster 1. Harvest indexand N was high-
est for Cluster 2 (the highest-yielding cluster) compared
with Clusters 3 and 1, respectively (Table 3). Seed N was
among the lowest values for Cluster 2 compared with Clus-
ters 1 and 4 (Table 3). In USA (Table 4), clusters differed
significantly for all the traits. Cluster 3 (the highest-yielding
cluster) had intermediate chg, Ny rs NUE, and N
compared with other clusters (Table 4). Cluster 3 presented
the lowest seed N among the five clusters for USA.

Total N Uptake vs. Total Biomass Explaining
Yield Differences (Objective 2)

For both ARG and USA, total N uptake and biomass were
highly correlated with seed yield (Fig. 2). The highest-yield-
ing cultivars were always the ones accumulating more bio-
mass and showing higher N uptake at maturity. There were
differences in the yield variation that total N uptake and total
biomass explained. For ARG, total biomass explained 68%
yield variation while total N uptake explained 82% (Fig.
2a,b). In USA, biomass explained 87% yield variation while
total N uptake explained 93% (Fig. 2¢,d). At both ARG
and USA, cultivar and environmental variation in yield was
explained more by total N uptake than by total biomass.

Genotypic Variation in N Uptake

and N-use Traits for the Highest-yielding
Cultivars (Objective 3)

Nitrogen Uptake

There were no differences in total N uptake among the
highest-yielding cultivars from ARG (Cluster 2) and USA
(Cluster 3, Table 5). Average N uptake for ARG and USA
high-yielding clusters was similar (264 and 263 kg ha™' at
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Table 3. Average physiological trait values for different cultivar clusters from Argentina having contrasting responses to the
environment. Cluster 2 (bold) was identified as the most successful in both environments. Zav2010 and Zav2011 stand for the
two environments (years) evaluated in Zavalla, Argentina. Data are presented for the interaction between cluster and environ-
ment (whenever this was significant) or for the cluster main effect (if the interaction was not significant).

Environment  Cluster Nyeg Ngi_ns Ngs_r7 NUE HI NHI Seed N N'emob
kg ha™' kg kg™’ 01 gkg™ kg ha™"
Zav2010 Cluster 1 76.4
Cluster 2 82.6
Cluster 3 43.0
Cluster 4 74.3
Zav2011 Cluster 1 24.8
Cluster 2 30.7
Cluster 3 50.6
Cluster 4 48.2
Average Cluster 1 56.2 132.4 32.6 0.444 0.836 5.80 148.5
Cluster 2 67.9 139.8 32.3 0.468 0.848 5.71 166.6
Cluster 3 66.5 146.5 32.4 0.439 0.813 5.70 160.8
Cluster 4 68.5 133.5 31.8 0.461 0.842 5.79 168.4
Environment e . . * NS NS . NS
Cluster . NS NS NS * NS i *
Env x Cluster NS NS * NS NS NS NS NS
LSD* (P < 0.05) 4.3 - 20 - 0.026 - 0.06 11.8
* Significant at the 0.05 probability level.
** Significant at the 0.01 probability level.
*** Significant at the 0.001 probability level.
T HI, harvest index; N mops @PParent nitrogen remobilization; Ny, _q, total nitrogen uptake between flowering and beginning seed filling; N, ., total nitrogen uptake between

beginning seed filling and maturity; Nveg‘ total nitrogen uptake between planting and flowering; NHI, nitrogen harvest index; NUE, nitrogen use efficiency for biomass
production; Seed N, seed nitrogen concentration at physiological maturity.

+LSD for significant Cluster or Environment by Cluster effects.

Table 4. Average physiological trait values for different U.S. cultivar clusters having contrasting responses to the environment.
Cluster 3 (bold) was identified as the most successful in both environments. Agro2009 and John2009 stand for the two envi-
ronments (locations) evaluated in the USA. Data are presented for the interaction between cluster and environment or for the

cluster main effect.

Environment  Cluster Nyeg Ngi_ns Ngs_r7 NUE HI NHI Seed N N'emob
kg ha™’ kg kg™' kg ha™'
Agro2009 Cluster 1 517 0.481 0.861
Cluster 2 31.5 0.426 0.817
Cluster 3 57.3 0.493 0.873
Cluster 4 66.6 0.488 0.867
Cluster 5 42.8 0.467 0.853
John2009 Cluster 1 67.1 0.513 0.884
Cluster 2 89.1 0.501 0.867
Cluster 3 93.7 0.515 0.886
Cluster 4 59.8 0.502 0.879
Cluster 5 924 0.513 0.882
Average Cluster 1 a44.7 125.9 28.7 6.11 141.0
Cluster 2 42.5 109.0 30.2 6.10 115.9
Cluster 3 47.8 138.5 29.2 5.97 154.5
Cluster 4 53.1 142.5 29.0 6.08 160.7
Cluster 5 49.3 1301 28.8 6.18 146.0
Environment s o o o~ o s NS o
Cluster . . * x - - . .
Env x Cluster NS NS * NS > * NS NS
LSD* (P < 0.05) 2.1 9.4 14.9 1.0 0.012 0.014 0.07 8.5

* Significant at the 0.05 probability level.

** Significant at the 0.01 probability level.

*** Significant at the 0.001 probability level.

f HI, harvest index; N ,...; apparent nitrogen remobilization; N

R1-R5’

+LSD for significant Cluster or Environment by Cluster effects.

total nitrogen uptake between flowering and beginning seed filling; N

R5-R7

total nitrogen uptake between
beginning seed filling and maturity; Nveg‘ total nitrogen uptake between planting and flowering; NHI, nitrogen harvest index; NUE, nitrogen use efficiency for biomass
production; Seed N, seed nitrogen concentration at physiological maturity.
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Figure 2. Relationship between seed yield and (a, c) total biomass and (b, d) total nitrogen at physiological maturity for Argentina (ARG)
(a, b) and the USA (c, d). Twenty-five cultivars were evaluated in ARG and 65 in the USA. Zav2010 and Zav2011 stand for the two
environments (years) evaluated in Zavalla, Argentina. Agro2009 and John2009 stand for the two environments (locations) evaluated in
the USA. Each data point is the average of three replications at one environment. Gray dotted lines indicate 0.50 harvest index (g, ¢) and
the average seed yield per total N uptake at R7 (b, d) as calculated by Salvagiotti et al. (2008).

R7 tor ARG and USA, respectively). However, there were
cultivar differences in the temporal pattern of N uptake
among genotypes within the highest-yielding clusters at
both ARG and USA (Fig. 3). Figure 3 shows cultivar data
averaged across environments in ARG and USA since no
significant interaction (p > 0.05) between cultivars and
environments was detected.

Relating N uptake during different phenological peri-
ods and the fraction of time (days) allotted to those periods
allowed identification of cultivars having different N uptake
per unit time at both ARG and USA. For example, culti-
var NA5485 (Fig. 3a, ID no. 1) allocated 47% of the total
cycle from planting to R1 and accumulated 47% of total
N uptake during this period. However, cultivar DM4210
(Fig. 3a, ID no. 6) had 37% of the total cycle allocated to
this period while N uptake was <19% during this period.
In contrast to ARG, there were no significant differences in
N uptake during the vegetative period for cultivars in USA
Cluster 3 (Fig. 3a). On average for USA cultivars, 18% of
N uptake occurred during the vegetative period while this
period accounted for approximately 43% of the total cycle.

Most N uptake occurred between R1 and R5 (cul-
tivars above the 2:1 line, Fig. 3b). There was significant
variation in N uptake per unit duration of the R1 to R5
period. For example, the relative duration of the period
from R1 to R5 for cultivar DM4210 (Fig. 3b, ID no. 6)
was 25% of the total cycle and the proportion of the total

N uptake during this period was 50%; cultivar DM4970
(Fig. 3b, ID no. 2) had asimilar R1 to R5 period duration,
but the proportion of total N uptake that was accumulated
during this period was more than 60%. Similar differences
can be observed for USA when cultivars K285RR (ID
no. 17) and ML2666 (ID no. 8) are compared (Fig. 3b).

Cluster 3 USA cultivars allotting 30% of the cycle to
seed filling (R5 to R7) captured approximately 20 to 40%
of total N, with most cultivars being close to the 1:1 line
(Fig. 3.c). Conversely, mean values for the ARG Cluster
2 were clearly beneath the 1:1 line (35% for duration and
21% for N uptake), although some cultivars of this group
were closer to this line than others.

Nitrogen Use
There was significant cultivar variation in NUE within
both ARG Cluster 2 and USA Cluster 3 (Table 5). In
ARG, only one cultivar (NA5485) differed from all other
cultivars. In USA, there was a continuum from 27.5 to
32 kg biomass kg N7, Harvest index showed significant
variation within the two highest-yielding clusters from
ARG and USA, although the variation was rather low.
For ARG, HI ranged from 0.44 to 0.49 kg kg™' while for
USA variation ranged from 0.48 to 0.53 kg kg™.
Nitrogen harvest index differed among the cultivars
from the highest-yielding clusters from ARG and USA,
but the variation was rather low. ARG cultivars from
Cluster 2 ranged from 0.82 to 0.87 kg N kg N!' and
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Table 5. Average values and analysis of variance for yield physiological determinants for most successful cultivars from

Argentina (ARG) (Cluster 2) and the United States USA (Cluster 3).

ID no.) Nitrogen use Harvest Nitrogen N remobilization Seed N
cultivars Total N at R7 efficiency index harvest index R5-R7 concentration
kg N ha™ kg kg N~ kg kg™ kg N kg N~ kg N ha" g 0.1 kg™
1) NA5485RG 256 35.0af 0.44c 0.84bc 192.4a 5.74
2) DM4970 267 32.7b 0.45bc 0.83c 182.9ab 5.60
3) A4725RG 253 32.1b 0.48a 0.86ab 167.6ab 5.70
4) DM4250 280 31.4b 0.47ab 0.86ab 167.6abc 5.84
5) DM4670 271 31.1b 0.47ab 0.82c 162.3bc 5.65
6) DM4210 269 31.2b 0.49a 0.87a 153.5¢ 5.71
7) NK4300 254 32.3b 0.48a 0.86ab 139.8¢ 5.77
Environment * * * NS NS *
Cultivar gy sters) NS * * * * NS
ExC NS NS NS NS NS NS
LSD (P < 0.05) - 2.6 0.03 0.08 29.4 -
8) ML2666 263 28.7bc 0.51ab 0.87bc 185.3a 5.95bc
9) NKS30J8 257 28.8bc 0.49bc 0.87bc 178.5ab 6.15ab
10) P92M76 266 27.5¢ 0.52a 0.90a 166.6abc 6.27a
11) K283RR 259 29.4bc 0.50bc 0.87bc 159.7abc 5.93bc
12) K204RR 254 29.0bc 0.51ab 0.89ab 159.1abc 5.93bc
13) NKS29J6 257 27.9¢ 0.53a 0.90a 154.2abc 6.02abc
14) K275RR 283 30.4ab 0.48¢c 0.89ab 152.0abc 5.95bc
15) DKB2752 252 30.0ab 0.48¢c 0.86¢ 149.1abc 5.85bc
16) Jack 282 28.7bc 0.50bc 0.87bc 142.0c 6.12ab
17) K285RR 257 29.3bc 0.53a 0.90a 140.1c 5.79¢c
18) $29324 259 28.8bc 0.51ab 0.87bc 133.3c 5.99abc
19) AG2802 259 32.0a 0.48¢c 0.86¢ 131.2c 5.72c
Environment i * * NS NS NS
Cultivar g sters) NS * * * * *
ExC NS NS NS NS NS NS
LSD (P < 0.05) - 2.2 0.03 0.08 35.9 0.31

* Significant at the 0.05 probability level.
** Significant at the 0.01 probability level.
*** Significant at the 0.001 probability level.

TWithin columns, means followed by the same letter are not significantly different according to LSD (0.05) for cultivar main effect.

cultivars from the USA Cluster 3 ranged from 0.86 to
0.90 kg N kg N~! (Table 5).

Nitrogen remobilization during seed filling also dif-
fered among the high-yielding cultivars in ARG and USA.
In ARG, remobilization ranged from 140 to 192 kg N ha ™',
while in USA it ranged from 131 to 185 kg N ha™".

Seed N concentration was not different across the
highest-yielding cultivars from Cluster 2 in ARG. The
average for this cluster was 5.7% grain N (equivalent to
30% protein on 13% moisture basis). However, differences
were observed within the highest-yielding cultivars in
USA Cluster 3. Seed N concentration for cultivars in USA
ranged from 5.7 to 6.3% grain N (30 to 34% protein on
13% moisture basis; Table 5).

Correlation among Traits within

the Highest-Yielding Clusters from ARG

and USA (Objective 4)

We also analyzed trait correlations because they are criti-
cal for trait-based hybridization strategies. Because many

traits share common measurements, we tested for spurious
correlations. All correlations are described in Table 6.

For ARG Cluster 2 cultivars, NUE was negatively
correlated with N uptake, . .- and Hl according to F-test
significance (Table 6). However, Pearson’s coefficient of
correlation between NUE and HI (—0.89) was within the
10th and 90th percentile of randomly-generated Pearson’s
coeflicients, indicating the detected correlation between
those traits was spurious. Nitrogen uptake during the
vegetative period (N,,,) was negatively correlated (F-test)
with N, .o (=0.85) and HI (—0.92). These values of
Pearson’s coefficient were outside the 10th to 90th random
coeflicient interval, suggesting genuine negative associa-
tions between these traits. N, .,
with N remobilization, and the last one was negatively
correlated with HI. In both cases there was no evidence of
spurious correlation. Positive, non-spurious correlations
were observed between: (i) NUE vs. Nveg, (11) NVeg vs. N
remobilized, and (iii) N vs. HI (Table 5).

was inversely correlated

R5-R7
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Figure 3. Relationship between the proportion (%) of total aboveg-
round N uptake at R7 captured during the vegetative period (Nveg),
the seed-set period (Ng,_g-) and the seed-filling period (Ng5_5,)
and the proportion (%) of time each period has relative to the total
crop-cycle duration. Empty circles indicate cultivars from Argen-
tina (ARG) Cluster 2 and grey circles indicate the USA cultivars
from Cluster 3. Gray lines show 1:1 relation (a, c) or 2:1 relation
(b). Vertical and horizontal lines show LSD (p < 0.05). Number
indicates ID no. as presented in Table 5.

For USA Cluster 3 cultivars, NUE was negatively
correlated with HI and seed N (Table 6). As in ARG,
Pearson’s coefficient of NUE and HI was contained by
the randomly-generated interval suggesting a spurious
correlation. However, there is no evidence of spurious

correlation between NUE and seed N. N
atively correlated with N
spurious. Likewise, N .. .-
N remobilized, but Pearson’s coefficient was included in
the randomly-generated interval.

DISCUSSION

Total N uptake is calculated after measuring total biomass
and N concentration. Therefore, it has two error sources
(estimation of biomass and N), unlike total biomass, which
has only one. We expected yield variation to be more cor-
related with total biomass than with total N uptake. How-
ever, we verified the opposite result; N uptake was more
related to yield across cultivars and environments than bio-
mass in ARG and USA. Similarly, Pazdernik et al. (1997)
showed that N uptake explained more yield variation than
total plant biomass (R?> = 0.55 vs. 0.44 for N uptake and
total biomass, respectively) when comparing 20 different
cultivars from maturity groups 0 and I. Our results help
support the hypothesis by Sinclair and Jamieson (2006)
stating total N is likely to explain a higher proportion
of yield variations than attributes related to carbohydrate
availability since the former supports many functions in
the plant, such as leaf area expansion, carbon fixation, or
storage for translocation.

The slope of the linear relationship between yield and
N uptake, when forcing y-intercept to zero, was 14.6 kg
seed per kg N uptake for ARG and 14.3 kg seed per kg
N uptake for USA. These estimates of NUE at the seed
level (Good et al., 2004) are close to values reported by
Salvagiotti et al. (2008) after a comprehensive review of
published literature. Maximum and minimum N dilu-
tion is 18.8 and 8.4 kg seed per kg N uptake, respectively
(Salvagiotti et al., 2008). The values for ARG and USA
(average 14.5 kg seed per kg N uptake) suggest cultivars in
both environments were equally balanced in terms of N
and other nutrients (Janssen et al., 1990; Witt et al., 1999).

Cultivar clusters having maximum vyield were identi-
fied both in ARG and USA. No significant differences in
total N uptake were observed among cultivars within both
clusters since total N uptake and yield were highly corre-
lated. On average for ARG and USA, maximum yield was
attained with ~260 kg N ha~!. Cultivars differed, how-
ever, in their temporal pattern of N uptake. Highest rates
of N uptake were observed during the period encompass-
ing R1 to R5, in agreement with earlier reports (George
and Singleton, 1992; Zapata et al., 1987). Results from
our experiment identified cultivars having increased rates
of total N uptake during different developmental stages.

Whether differences among cultivars in N uptake or
timing are due to better absorption of mineral soil N or
different N fixation warrants future investigations. We
speculate improved N uptake may be due to improved N

Ri_rs Was neg-

Rs_py DUt Fhls correlation was
was negatively correlated with
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Table 6. Pearson coefficients between traits explaining yield variation across most-successful cultivars from Argentina (ARG)
(Cluster 2) and the United States (USA) (Cluster 3). Data within parentheses is 10th to 90th percentile interval for Pearson’s
coefficient generated by Monte Carlo random simulations. Only the traits with significant (p < 0.05) variation within the highest-

yielding cluster were tested for correlation studies. Bold indicates significant (F-test) non-spurious correlations.

(a) ARG Cluster 2 Nyeg' Ng1_rs Ngs_r7 HI NHI N, emob
NUE 0.90"t —0.64 -0.83* —0.89** —0.22 0.67
(—0.56 to +0.55) (—0.55 to +0.54) (—0.69 to +0.38) (—0.95 to —0.59) (—0.66 to +0.41) (—0.55 to +0.55)
Nueg —0.50 -0.85* -0.92** —0.43 0.81*
(—0.96 to —0.61) (—0.55 to +0.55) (—0.55 to +0.55) (—0.54 to +0.54) (—0.56 to +0.55)
NRi_ps 0.20 0.28 —-0.32 —0.01
(—0.84 to +0.02) (—0.55 to +0.55) (—0.54 to +0.54) (0.00 to +0.84)
Ngs.a7 0.89** 0.49 -0.88**
(—0.46 to +0.62) (—0.61 to +0.49) (—0.55 to +0.54)
HI 0.54 -0.85*
(+0.70 to +0.87) (—0.47 to +0.62)
NHI —0.43
(—0.37 to +0.61)
(b) USA Cluster 3 Ng1_rs Ngs_r7 HI NHI N,emob Seed N
NUE —0.33 0.29 —0.67* —0.55 —0.48 -0.78*~
(—0.39 to +0.39) (—0.40 to +0.39) (—0.93 to —0.67) (—0.80 to —0.24) (—0.50 to +0.29) (—0.76 to —0.18)
NRri_ps —0.80** —0.19 -0.16 0.90*** 0.40
(—0.85 to —0.41) (—0.39 to +0.40) (—0.40 to —0.40) (+0.61 to +0.91) (—0.40 to +0.40)
Negs g7 —0.01 0.14 —0.86*** -0.18
(—0.34 to +0.44) (—0.39 to +0.41) (—0.88 to —0.50) (—0.03 to +0.67)
HI 0.78** 0.06 0.19
(+0.55 to +0.88) (—0.20 to +0.57) (—0.40 to +0.40)
NHI 012 0.35
(—0.10 to +0.62) (—0.22 to +0.56)
Nremob 0.49

(—0.39 to +0.40)

* Significant at the 0.05 probability level for standard Pearson’s correlation analysis.
** Significant at the 0.01 probability level for standard Pearson’s correlation analysis.
*** Significant at the 0.001 probability level for standard Pearson’s correlation analysis.

f HI, harvest index; Nemop; @pparent nitrogen remobilization; Ng4_gs, total nitrogen uptake between flowering and beginning seed filling; Ngs_g7, total nitrogen uptake between
beginning seed filling and maturity; Ny total nitrogen uptake between planting and flowering; NHI, nitrogen harvest index; NUE, nitrogen use efficiency for biomass

production; Seed N; seed nitrogen concentration at physiological maturity.

fixation since total N uptake has been correlated with N
fixation rate (George and Singleton, 1992).

Two different N physiological frameworks were used
to explain yield differences (Eq. [2] and [3]; Xu et al.,
2012). Both frameworks utilize total N uptake as their
main driver for yield variations. However, we found no
differences among cultivars within highest-yielding clus-
ters for ARG and USA for this trait, demonstrating the
importance of N uptake for maximum yield. One of the
proposed frameworks (Eq. [2]) affects total N uptake by
NUE and HI. Using this framework, we found cultivars
with contrasting strategies attained higher yield; similar
yield was produced by different combinations of NUE and
HI. Retrospective studies analyzing release year effects on
soybean traits showed significant genetic improvement in
HI (Jin et al., 2010; Morrison et al., 1999). Even though
this trait has been improved, variation to continue improv-
ing HI was evident in the highest-yielding clusters from
ARG and USA. To the best of our knowledge, studies
dealing with the indirect effects of genetic improvement
on yield in NUE have never been reported for soybeans.

The second studied framework (Eq. [3]) affects total
N uptake by NHI and seed N. For highest-yielding culti-
vars in ARG, there was no genotypic variation in seed N,
while variation in NHI was significant. Within the USA,
highest-yielding cluster NHI and seed N wvaried signifi-
cantly across cultivars. This variation allowed similar final
yields, but it was attained by using contrasting methods
in terms of NHI and seed N. Again, a retrospective study
showed there has been substantial genetic improvement in
NHI (Jin et al., 2011). Our results demonstrate residual
variation for NHI, even in highly-productive cultivars.
Increased seed N requires higher source-to-sink ratio dur-
ing seed filling (Rotundo et al., 2009, 2011), and increased
source-to-sink ratio is generally attained by reducing sink
numbers rather than increasing source area (Rotundo et
al., 2011). In cultivars from USA Cluster 3, any potential
yield reduction due to increased seed N was counterbal-
anced by increases in NHI, resulting in no yield changes.

There was substantial genotypic variation within both
ARG and USA highest-yielding clusters for apparent N
remobilization during seed filling. Nitrogen remobilization
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ranged from 30 to 100% depending on cultivars and envi-
ronmental conditions (Egli et al.,, 1978, 1983 Zeiher et
al., 1982). Even though this trait does not fit in any of the
above-mentioned physiological frameworks, it has central
importance in relation to the duration of seed filling (Sin-
clair and de Wit, 1975, 1976). Our results indicated that
high-yielding cultivars from both ARG and USA had sub-
stantial genotypic diversity for this trait. For example, ARG
Cluster 2 had cultivars with remobilization values from 140
to 192 kg N ha™!, while USA Cluster 3 had cultivars rang-
ing from 131 to 185 kg N ha~!. Our results indicate that
there are different ways to accumulate seed N within the
highest-yielding genotypes: (1) high remobilization or (ii)
high concurrent N capture during seed filling.

Even though variation in other traits besides N uptake
timing was significant, the range of variation was, in some
cases, lower than expected, as in NUE. One possibility is
that we focused only on elite high-yielding cultivars, having
reduced genetic diversity as a result of strong breeding efforts
(Hyten et al., 2006). Another possibility, related to NUE, is
that variation in this trait is expressed at low soil-N condi-
tions, as shown for maize (Zea mays ssp. mays L.) and sugarcane
(Sacharum officinarum L.) (Hirel et al., 2007; Robinson et al.,
2007). In soybean, the relative independence from soil N levels
impedes the generation of low N availability environments.

Rotundo et al. (2012) also found that cultivars with the
highest seed number had different ways to achieve it. They
had different combinations of seed-set period duration, bio-
mass partitioning and, seed-set efficiency (Rotundo et al.,
2012). The present article expands those findings utilizing a
physiological framework related to N uptake and use.

Results from the current paper provide valuable infor-
mation to develop trait-based hybridization strategies
(Reynolds et al., 2011). If we consider traits to be indepen-
dent, combining the average N uptake from the highest-
yielding cultivars with the highest observed values for NUE
and HI gives a hypothetical cultivar (for both ARG and
USA data) having ~4400 kg ha™! (dry weight basis). This is
the attainable yield for this hypothetical cultivar grown in
the rainfed conditions we tested. Clusters 2 (ARG) and 3
(USA) averaged ~3900 kg ha~! (dry weight basis). Combin-
ing these traits represents a 13% yield improvement com-
pared with current cultivars. In general, using traditional
breeding, the historical genetic improvement rate of soy-
bean vyield is, on average, 0.5% per year (Jin et al., 2010;
Morrison et al., 2000; Wilcox, 2001). Therefore, under the
same scenario, this 13% hypothetical yield increase would
take ~18 yr to occur. Crossing parents having contrasting
physiological strategies may help reduce this time.

The possibility of pyramiding desirable traits will
depend on the nature of the correlation between them. Neg-
ative correlations (or tradeoft) may arise from three different
nonexclusives causes. The worst scenario for trait stacking is
biophysical constraints (Weih, 2003). Another possible cause

of the negative correlations is genetic linkages (Weih, 2003).
This negative correlation may be eliminated by recombi-
nation using large progeny numbers in bi-parental crosses.
Finally, a negative correlation may arise just because there
is a numerical co-dependence between the variables being
correlated (Brett, 2004; Donald and Hamblin, 1976); that s,
the variables being correlated share a common term. This is
frequent in crop physiology, where simple directly-measured
traits are mathematically combined to express meaningful
physiological mechanisms or processes. We found that some
negative (and significant according to F-tests) correlations
are spurious. For example, NUE and HI were negatively
correlated both in ARG and USA. However, because they
share total biomass as a common term (NUE in the numera-
tor and HI in the denominator), we observed actual coef-
ficients were contained in the randomly-generated interval.
Therefore, the correlation was spurious and combining both
traits in the same cultivar does not represent a constraint
since the correlation is not biological (Brett, 2004).

CONCLUSIONS

Cultivars with superior yield were identified from ARG
and USA. Total N uptake was the primary yield driver
shown by the highest-yielding commercial cultivars at both
environments. It is clear that attempts to increase yield will
need to focus on mechanisms associated with this process.

There were clear developmental differences among
the highest-yielding clusters for N uptake both in Argen-
tina and USA. Some high-yielding cultivars had higher N
uptake during vegetative (planting to R1) and late repro-
ductive periods (R5 to R7), while others relied mostly on
N uptake during the seed-set period (R1-R5).

Highest-yielding cultivars differed in the physiologi-
cal strategies to attain maximum yield; combining high
NUE and HI traits or, alternatively, high NHI and similar
seed N can result in major yield increases.

Understanding the nature of the correlations among
physiological traits is central to this trait-based hybridiza-
tion approach. Sorting out whether tradeoffs are physi-
ological, genetic, or spurious is critical to quantifying the
chances of trait stacking. For ARG, there were six signifi-
cant negative correlations between traits. In this case, only
one (NUE vs. HI) was spurious. In USA, three out the
four significant negative correlations were spurious. This
indicates more chances of trait stacking in USA high-
yielding cultivars than in ARG.
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