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Abstract

Crop improvement for yield and drought tolerance is challenging due to the complex genetic nature of these traits 
and environmental dependencies. This study reports that transgenic over-expression of Zea mays ARGOS1 (ZAR1) 
enhanced maize organ growth, grain yield, and drought-stress tolerance. The ZAR1 transgene exhibited environmen-
tal interactions, with yield increase under Temperate Dry and yield reduction under Temperate Humid or High Latitude 
environments. Native ZAR1 allele variation associated with drought-stress tolerance. Two founder alleles identified in 
the mid-maturity germplasm of North America now predominate in Pioneer’s modern breeding programme, and have 
distinct proteins, promoters and expression patterns. These two major alleles show heterotic group partitioning, with 
one predominant in Pioneer’s female and the other in the male heterotic groups, respectively. These two alleles also 
associate with favourable crop performance when heterozygous. Allele-specific transgene testing showed that, of 
the two alleles discussed here, each allele differed in their impact on yield and environmental interactions. Moreover, 
when transgenically stacked together the allelic pair showed yield and environmental performance advantages over 
either single allele, resembling heterosis effects. This work demonstrates differences in transgenic efficacy of native 
alleles and the differences reflect their association with hybrid breeding performance.

Key words:  Maize hybrid, native allele variation, transgene by environment interaction, transgene efficacy, heterosis, ZAR1,  
Zea mays.

Introduction

Engineered crops with traits such as insect control (Estruch 
et al., 1997; Kumar et al., 2008) and herbicide tolerance (Dill 
et al., 2008; Duke, 2011) are now widespread and have suc-
cessfully helped to protect or stabilize crop yield. There is 
interest in the expanded use of biotechnology tools to com-
plement breeding and impact complex agronomic traits such 
as grain yield, drought-stress tolerance, and nitrogen use 
efficiency. Such agronomic traits are considered quantitative 
in nature, controlled by multiple genes with usually small 
individual effects, and are also environmentally influenced. 

Transgenic testing, however, is still usually limited to testing 
one or a few genes at a time.

Conventional breeding has raised yield in maize year after 
year for decades (Duvick, 1999, 2001, 2005). Breeding con-
cepts for testing and genetic information in the resulting 
improved germplasm may be useful guides for transgenic 
crop improvement. A  major influence of traditional breed-
ing is the selection and reshaping of allelic diversity in germ-
plasm (Feng et  al., 2006; Hufford et  al., 2012; Jiao et  al., 
2012). Elite germplasm and functional genetic variation for 

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0/), which 
permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

© The Author 2013. Published by Oxford University Press on behalf of the Society for Experimental Biology.

Journal of Experimental Botany, Vol. 65, No. 1, pp. 249–260, 2014
doi:10.1093/jxb/ert370  Advance Access publication 11 November, 2013

mailto:mei.guo@pioneer.com


250  |  Guo et al.

target traits are the key resources for breeders to continue 
developing higher yielding crop varieties. In a hybrid crop, 
such as maize in the U.S. Corn Belt, the germplasm has been 
organized into complementary parental heterotic groups. 
Parents of new hybrid combinations exhibiting improved 
traits and yield utilize the diversity that has been generated 
between the heterotic groups. To date, there has been little 
understanding of relationships between transgene effects and 
natural variation in elite germplasm and much less in relation 
to heterotic group partitioning of allelic combinations. Yet, 
such information could be a valuable resource for synergistic 
crop improvement by transgenesis or cisgenesis and conven-
tional breeding.

The success in improving yield through breeding has 
mostly relied upon selection within the target population of 
environments (TPE), a set of environment ‘types’ within a 
geographical region wherein the varieties or hybrids will be 
released (Löffler et al., 2005; Cooper et al., 2006). Genotype-
by-environment interaction for yield and complex agronomic 
traits is a well-known important factor in crop breeding 
(Beavis and Keim, 1996; Malosetti et al., 2004; Vargas et al., 
2006; Boer et al., 2007). In biotech crop improvement, con-
sistent transgene efficacy across broad environmental con-
ditions, as demonstrated in traits such as insect and weed 
control, is anticipated to be less likely to apply to complex 
agronomic traits known for their environmental influence. 
Therefore, for these traits, understanding the transgene-by-
environment interactions will be crucial, just as it is impor-
tant for genotype-by-environment interactions in traditional 
crop breeding.

Genes related to organ size control have been referred 
to as intrinsic yield genes (Busov et  al., 2008; Krizek, 
2008; Gonzalez et  al., 2009). In this study, the ZAR1 (Zea 
mays ARGOS) gene, the putative maize orthologue of the 
Arabidopsis ARGOS (Auxin Regulated Gene involved in 
Organ Size) gene (Hu et al., 2003), was transgenically over-
expressed in hybrid maize to evaluate its potential for improv-
ing yield. The aim was to test the effects of a single transgene 
on complex traits in maize, such as grain yield and drought 
tolerance, and on the difference in transgene efficacy of natu-
ral allele variants utilized by traditional breeding.

Materials and methods

Plant materials and tissue sampling
All inbred lines were from maize breeding germplasm of DuPont 
Pioneer (hereafter Pioneer). Hybrid SS1/NS1 (Pioneer hybrid 
3394) is a commercial hybrid (Duvick et al., 2004; Guo et al., 2004, 
2006). The parental inbred SS1 is an Iowa Synthetic Stiff  Stalk (SS) 
line; the NS1 inbred is a Non Stiff  Stalk (NS) line (Labate et al., 
1997; Feng et al., 2006). For ZAR1 native allele specific expression 
analysis, the same tissue samples and methodology were as described 
by Guo et al. (2004). Three biological replicate samples were used, 
and three whole seedlings were pooled as one RNA sample repli-
cate. Immature ear (pre-pollination) tissue was sampled from field 
grown V19 stage plants (Guo et al., 2006). Immature primary ears 
harvested from three individual plants were pooled as one replicate. 
Tissue for transgenic gene expression analysis was sampled by leaf 
punches from V6 stage plants. Leaf punches were collected from five 
plants randomly sampled from one row for each event. All harvested 

tissues were frozen immediately in liquid nitrogen and stored at 
–80 °C.

T-DNA constructs, maize transformation, and transgenic plant 
production
The T-DNA constructs and plant transformation method have 
been described previously (Unger et al., 2001; Cigan et al., 2005). 
GATEWAY TECHNOLOGY (Invitrogen) was used for vector 
construction. The expression cassette contained the promoters, 
the full-length cDNA sequences, and the PINII terminator in 
pENTRTM/D-TOPO vector (Invitrogen). For transgenic ZAR1 
heterozygous allele testing, the genomic fragments contained 
approximately 1.5 kb upstream of  the start codon for the native 
ZAR1 allele’s promoters. Due to haplotype differences in the pro-
moter regions, however, 1724 bp was ultimately obtained for NS1 
and 1376 bp for SS1 (see Supplementary Fig. S6 at JXB online). 
The plasmid also contained a red emitting fluorescent protein 
(Ds-Red, Clontech, Mountain View, CA), driven by an aleuron-
specific promoter PromHvLTP2 (Opsahl-Sorteberg et  al., 2004) to 
serve as a visible marker for transgene expression. In vectors 
where the CaMV 35S enhancer (Hayashi et al., 1992) was incor-
porated, it was inserted upstream of  the promoter in the forward 
orientation. The co-integrated JT vectors were introduced into 
Agrobacterium strain LBA4404 and used to transform embryos 
of  either Hi-II maize (Zea mays), or an inbred line (PHWWZ) 
from Pioneer as described previously (Unger et al., 2001; Cigan 
et  al., 2005; Guo et  al., 2010). Typically, 20 independent trans-
genic events were generated, and ten events with a single copy of 
the transgene and confirmed transgene expression were selected 
and advanced for crosses to wild type (non-transgenic) plants and 
further characterization.

Transgenic plants derived from the primary transformed T0 lines 
were backcrossed to the wild type inbred (non-transgenic) for three 
generations (for Hi-II maize transformation, the initial ZAR1 SS1 
transgenic tested in year 2007), or one generation (PHWWZ inbred 
transformation) to obtain transgenic (inbred) plants and non-trans-
genic null segregants (for all the other ZAR1 transgenics) (Guo 
et al., 2010). Transgenic (and non-transgenic null control) hybrids 
were produced for yield testing by hybridization of transgenic plants 
with a non-transgenic inbred. Transgenic and their non-transgenic 
sib (null control) were identified by the Ds-Red marker.

Microscopic counts of leaf epidermal cells
The same microscopic analysis was used as described by Guo et al. 
(2010). Briefly, tissue was collected from plants grown in the green-
house. A 2 × 2 cm section was cut from the midpoint of leaf number 
eight.

Field experiments
Phenotypic measurements 
Field experiments for phenotypic measurements were conducted in 
2006 at Johnston, Iowa. The experimental design was nested with 
a set of transgene and null control, three replications, and 2-row 
plots (4 m row length) per event. All experiments were thinned (from 
20, 30, and 40 plants per row) at the V3–V4 stage to 6, 15, and 24 
plants per row, respectively, to achieve corresponding densities of 
10 000, 25 000, and 40 000 plants per acre. Early stand counts were 
recorded and the leaves were marked on selected plants to determine 
the growth stage during the season. Biomass data were determined 
by harvesting four plants per 2-row plot per sampling date. Tissues 
were dried in a Blue M 146 standard mechanical convection oven to 
0% moisture and then weighed. Leaf area was measured by remov-
ing the leaves from the plant and running them through a LI-3100 
leaf area meter (Li-Cor Biosciences, Lincoln, NE, USA). Yield com-
ponent data were determined by harvesting five representative ears 
per plot.
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Yield testing 
Yield trials under high yielding environments were set up at four or 
five locations with four replications per location. Yield trials under 
drought stress conditions consisted of water deprivation treatments 
applied at flowering and grain filling (six to eight replications per 
treatment). Experimental designs were an incomplete block. The 
transgenic events were compared to null segregants bulked together 
from each of the individual transgenic events in the experiment. 
Statistical differences were determined at P <0.10.

Native variation and association 
Haplotypes were defined by considering SNPs and indels on a seg-
ment of approximately 400 bps within a locus (Beló et al., 2008). 
Haplotypes for ZAR1, haplotypes 1 and 2, were examined within 
a subset of 424 inbreds to determine the allele frequency in elite 
breeding germplasm, and macro-haplotype analysis was conducted 
in a subset of 245 inbred lines that all carry haplotype 1 in the NS 
and haplotype 2 in the SS heterotic groups, respectively. For detailed 
experimental methods, see the Supplementary data, Association 
experiments, at JXB online.

Statistical analyses
Phenotypic measurements 
Data were subjected to ANOVA using the general linear model (SAS 
Inst.), considering entries as fixed and replicates as random factors. 
Duncan’s t-test was used to establish the mean differences between 
transgene positive and negative nests. Mean differences were sepa-
rated by the least significant test (LSD 0.05) when the F-tests were 
significant (P <0.05).

Association analysis 
Mixed linear model analysis of the BLUPs was performed to test 
the association of the ZAR1 gene with trait phenotypes (Boer et al., 
2007; van Eeuwijk et al., 2010). Marker genotypes for ZAR1 were 
available on 218 (out of 234 NS) and 121 (out of 133 SS) individuals. 
The markers had multiple alleles and were treated as random effects 
in our model. To control for genetic background effects not attrib-
uted to ZAR1, co-factors were identified using a combination of 
association analysis and single marker analysis for 10 000 genome-
wide marker loci available on the entries grown in our field experi-
ment. This procedure identified a subset of markers that showed a 
significant (P <0.1) association with each trait. Additional informa-
tion on analysis methods can be found in the Supplementary data, 
Association experiments, at JXB online.

Transgene-by-environment interaction analysis 
Yield and weather data from three years (2007, 2008, 2009) were used 
in the transgene-by-environment interaction analysis. Environments 
were classified based upon environmental factors in key vegetative 
and developmental stages including different mean temperatures, 
total solar radiation, and drought stress index generated from a crop 
model (Löffler et al., 2005). Daily temperatures, rainfall, and solar 
radiation were observed and collected from weather stations during 
the growing seasons. Major environmental types that occur in the 
US Central Corn Belt include (i) Temperate Dry, which features as 
hot and dry; (ii) Temperate, which has low levels of abiotic stress; 
(iii) Temperate Humid, which has relatively lower temperatures and 
solar radiation compared with Temperate, and (iv) High Latitude, 
even cooler temperatures (Löffler et al., 2005). Correlation analysis 
of the transgene efficacy of ZAR1 under different environmental 
classes was done by using the method of Dean and Voss (1999). Key 
environmental factors that correlated with the transgene efficacy 
were identified by screening across plant developmental stages using 
a standard partial least squares methodology.

RNA isolation and RT-PCR 
RNA extraction, DNAse treatment, cDNA synthesis, and transcript 
quantification were conducted as described by Guo et  al. (2010). 

For ZAR1 allele specific expression analysis, RT-PCR primers (see 
Supplementary Table S1 at JXB online) were designed such that 
they would amplify both alleles simultaneously and flank an indel 
in the 5’ UTR region between SS1 and NS1, yielding a 525 bp prod-
uct for SS1 and a 464 bp product for NS1, allowing physical sepa-
ration on a 1.5% agarose gel. Primers were designed in conserved 
regions between the alleles for non-biased amplification. RT-PCR 
parameters (DNA quantity of template and primers, and the num-
ber of PCR cycles) were optimized by following a similar protocol 
as described by Guo et al. (2004, 2010). For Real-Time PCR analy-
sis, the Taqman reverse transcription kit (Applied Biosystems) was 
used as described by Guo et al. (2010). Transcript levels of ZAR1 
were measured relative to the endogenous reference eIF4g, a maize 
eukaryotic initiation factor gene (GenBank NP_568534) with the 
DCt method as described by the manufacturer. The primers used 
can be found in Supplementary Table S1 at JXB online.

Plant germplasm and transgenic material will not be made avail-
able except at the discretion of the owner and then only in accord-
ance with all applicable governmental regulations.

Results

The ZAR gene family

With interests in studying the class of genes that affect plant 
and organ size, the maize homologues of the Arabidopsis 
ARGOS gene were identified and named as ZAR for Zea mays 
ARGOS. ZAR1–9 were initially identified by homology to 
sequences in the public and proprietary databases. Subsequent 
analysis of ZAR1 allelic variation in the germplasm revealed 
that ZAR2 is an allele variant of the ZAR1 gene, thus the 
maize gene family contains eight gene members in the B73 
genome draft. The genomic and chromosomal locations of 
the gene family members are summarized in Supplementary 
Table S2 at JXB online. ZAR1 is the closest orthologue to the 
Arabidopsis ARGOS gene. The family members share overall 
low sequence homology except for a conserved core domain 
region (see Supplementary Fig. S1a at JXB online). All the 
ZAR genes encode relatively small proteins, ranging from 64 
to 152 amino acids. They also have diverse tissue expression 
patterns based upon our Solexa RNA profiling database (see 
Supplementary Fig. S1b at JXB online). ZAR1 is expressed in 
diverse tissues, but showed the highest expression here in root 
and pericarp tissues (alleles not distinguished here). While 
some gene family members are expressed at a high level and 
in multiple tissues (ZAR3), others are fairly specific to tissues: 
ZAR4 and ZAR7 are mainly expressed in the root, ZAR8 is 
mainly expressed in the kernel tissues, and ZAR9 expression is 
pollen preferred (see Supplementary Fig. S1b at JXB online).

Transgenic over-expression of ZAR1 enhances maize 
plant and organ growth

ZAR1 was constitutively over-expressed in maize by using 
the maize ubiquitin promoter (ProZmUBI). The transgenic 
plants showed enhanced vegetative and reproductive growth 
in the field in both inbred (Fig. 1a; see Supplementary Fig. 
S2 at JXB online), and hybrid plants (Fig. 1b), as measured 
by increased stalk, ear, and total dry biomasses, and leaf 
area. The enhanced plant growth was due to faster growth 
rate, not extended growth period, as the transgenic plants 
showed increased growth during development, and became 
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fully grown faster than the non-transgenic controls (Fig. 1c). 
This differs from what was reported in Arabidopsis, where 
the larger plant and organ size resulting from ARGOS over-
expression was attributed to an extended growth period, 
and thus delayed flowering (Hu et al., 2003). Measurements 
of transgenic maize inbred plants grown in the greenhouse 
showed increased plant height, primarily resulting from 
increased upper internode length of 6th and above, but inter-
node number was unchanged (see Supplementary Fig. S3 at 
JXB online). The increased internode length in transgenic 
inbred plants grown in the greenhouse was not observed in 
the field. This could be due to different growing conditions 
between greenhouse and the field, such as light, temperature, 
and day length. Microscopic analysis of maize leaf epidermal 
cells of inbred plants grown in the greenhouse indicated that 
the cell number (and stomata) counts per unit area remained 
unchanged or were slightly higher in the transgenics com-
pared with the non-transgenic controls (see Supplementary 
Fig. S4 at JXB online). This indicates that ZAR1 increased 
plant and organ size primarily through increasing cell num-
ber as cell size did not increase.

Over-expression of ZAR1 improves traits related to 
drought-stress tolerance

Further characterization of transgene effects on other agro-
nomic traits in hybrids showed that the ZAR1 transgene 
improved several traits related to drought stress tolerance 
such as reduced tip kernel abortion, anthesis silking inter-
val (ASI), and barrenness (Fig. 2). The effect on these traits 
became more pronounced when the plants were grown under 
higher plant density. As shown in Fig.  2b, the increase in 
total number of kernels became statistically significant as the 
plant population increased from 10 000 to 40 000 plants per 
acre, while not apparent at 10 000 plants per acre. The inbred 

transgenic plants showed enhanced primary and secondary 
ear growth (see Supplementary Fig. S2 at JXB online). These 
traits indicated enhanced plant growth and vigour, and toler-
ance to abiotic stresses such as drought and high plant density 
which prompted yield testing for drought-stress tolerance.

The ZAR1 transgene affects hybrid yield and exhibits 
transgene by environment interactions

Transgenic maize hybrid plants over-expressing the ZAR1 
gene (protein coding region, SS1 allele) were yield-tested in 
2007 at four field locations across the U.S. Central Corn Belt. 
The transgenic hybrid exhibited significant yield increase in 
three locations, but significant yield reduction in one loca-
tion compared with the non-transgenic control. The second 
year (2008) of yield trials again showed a significant yield 
increase or decrease depending upon the location (Fig. 3; see 
Supplementary Table S3 at JXB online). ZAR1 was initially 
cloned from a Stiff  Stalk (SS, female heterotic group) inbred 
line (SS1 allele). A  NS1 allele, which was present in most 
Pioneer Non Stiff  Stalk (NS, male heterotic group) lines, 
was further isolated (protein coding region) and introduced 
to transgenic testing at the same locations as the SS1 allele 
in 2008. The transgenic ZAR1 NS1 allele exhibited similar 
patterns of transgene effect on hybrid yield among these 
locations, but with less negative effects or yield reduction 
than the SS1 allele transgenic in those locations (Fig. 3; see 
Supplementary Table S3 at JXB online). These data indicated 
a functional difference between these two ZAR1 alleles.

The significant yield increase or decrease of ZAR1 (SS1 
allele) transgenic hybrid plants was not constant in the same 
field locations between the two years. Since a given location 
may experience different environments across years, this result 
prompted the investigation of the transgene-by-environment 
interactions. Using the EnClass® system each test location 
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was classified in 2007 and 2008 based upon environmental 
variables including rainfall, daily temperature, and cumula-
tive solar radiation during the corresponding seasons (Löffler 
et al., 2005). This process identified four major environment 
classes represented by the test locations across those years: 
Temperate Dry (TD), Temperate (T), Temperate Humid 
(TH), and High Latitude (HL), which are in the order of hot-
ter, drier, and more solar radiation to cooler, more rainfall, 
and less solar radiation. Under these different environmental 
conditions, the ZAR1 transgenics tended to exhibit signifi-
cant yield increase under TD or T environments. The negative 
transgene effects were associated with the TH or HL environ-
ments (Fig. 3).

Because of the positive transgene effect on yield under hot-
ter and drier environments, and also the previously observed 
effects on drought-stress-related traits (Fig.  2), a drought-
stress treatment during the grain-filling stage (GFS) was 
included in 2009 yield testing (Fig.  3). Both the SS1 and 
NS1 alleles of the ZAR1 transgene had a positive effect on 
yield under GFS and T environments and a negative effect 
under the HL environments. Consistent with the yield data 
in the second year, the NS1 allele performed better or had 
less negative effects on yield than the SS1 allele under the HL 
environments. These data confirmed the transgene efficacy, 
its relationship with environmental conditions, and the differ-
ence between the SS1 and NS1 alleles in both years (Fig. 3; 
see Supplementary Table S3 at JXB online).

Further analysis of ZAR1 transgene-by-environment inter-
action was conducted using the environment classes and yield 
data from all three years (without discriminating between 
alleles). The data showed a positive relationship of ZAR1 
transgene efficacy with warmer and drier environments (T or 
TD/GFS), and a negative relationship with cooler and wetter 

environments (TH or HL) (Fig. 4a). Further correlation analy-
sis with major individual environment factors showed that the 
transgene efficacy positively correlated with higher daily maxi-
mum temperature, cumulative solar radiation, and negatively 
correlated with the amount of rainfall (Fig. 4b, c, d).

Natural variation of ZAR1 is associated with drought-
tolerance traits and breeding selection

To understand ZAR1 function in natural variation, its allelic 
variation in the breeding germplasm of Pioneer was investi-
gated. From a previous genome scan study (Beló et al., 2008), 
which sequenced 8590 genetic loci across the genome from 
nearly 600 inbred lines, haplotypes were defined for the maize 
genome. There are about a dozen haplotypes at the ZAR1 
locus in the founder lines of the germplasm (Braak et  al., 
2010; van Eeuwijk et al., 2010), however, only two of these 
are found at high frequency in Pioneer’s modern germplasm. 
A survey with a subset of 424 Pioneer inbred lines represent-
ing elite breeding germplasm showed that these two haplo-
types accounted for approximately 95% of the overall allele 
frequency (see Supplementary Fig. S5 at JXB online). The 
NS lines were predominantly (85%) haplotype 1 (represented 
by the NS1 allele), and the majority (60%) of SS lines were 
haplotype 2 (represented by the SS1 allele). A survey of 169 
Pioneer’s commercial hybrids identified that the majority 
(66%) of the hybrids carried the combination of haplotype 1 
(NS1 allele) and haplotype 2 (SS1 allele) at the ZAR1 locus 
(see Supplementary Fig. S5b at JXB online).

To determine if  any recombination had occurred nearby 
the ZAR1 locus, a subset of  245 inbred lines were chosen, 
including174 NS and 71 SS, all of  which carried the hap-
lotypes 1 and 2 characteristic of  the NS and SS heterotic 

a b c

Control

TG

Control

TG

B
ar

re
nn

es
s 

(%
)

0.0

0.5

1.0

1.5

2.0

2.5

3.0 bLSD 0.05= 1.2

a

Transgenic Control

N
o.

 o
f n

or
m

al
 k

er
ne

ls
 p

er
 e

ar
 ro

w

10 25 40
25

35

45

a
b

aa

aa

= 1.4 = 0.9 = 1.0

E
ar

 le
ng

th
 b

ea
rin

g 
ab

or
te

d 
ke

rn
el

s 
(c

m
)

0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
2.0

10 25 40

a a

b
a

b
a

= 0.15 = 0.16 = 0.23

LSD 0.05

LSD 0.05

A
S

I(
he

at
 u

ni
t)

25

30

35

40

45

b
= 6.1

a

LSD 0.05

T
ot

al
 n

um
be

r o
f k

er
ne

l/e
ar

500

510

520

530

540

550

560
a

b

= 17.2LSD 0.05

N
o.

 o
f n

or
m

al
 k

er
ne

l/e
ar

475

485

495

505

515 a

b

= 14.9LSD 0.05

Fig. 2.  ZAR1 transgene effects on traits relevant to drought-stress tolerance in maize hybrid plants. Transgenic hybrid plants over-
expressing ZAR1 (ProZmUBI:ZAR1). (a) Number of kernels per ear (upper left), total number of normal kernels per ear (the aborted or 
not fully developed kernels excluded) (upper right), ASI in GDU (lower left), and barrenness in the percentage of plants that did not 
produce any ear (lower right). Planting density was at 32 000 plants acre–1. (b) Tip kernel abortion under different planting densities: 
the length of the ear/cob carrying undeveloped kernels (upper panel); the number of fully developed kernels per ear row (lower panel): 
x-axis: population density (×1000 plants acre–1). Black bars: transgenic; red bars: control: null segregant of the transgenic plants. (c) Ear 
phenotype showing tip kernel abortion. Ears were harvested from all plants of the entire plot row. Different letters ‘a’ versus ‘b’ indicates 
a statistically significant difference at the given LSD.
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groups, respectively (Fig.  5). Nearly all 75 available loci 
present in the 8-cM region flanking ZAR1 were used for 
macro-haplotype pattern analysis. While all 71 SS inbreds 
showed no variation on their macro-haplotype pattern, 
the NS lines had seven macro-haplotypes. The NS macro-
haplotypes are formed by juxtaposed founder segments 

indicating that recombination had taken place in this 
region (Fig. 5).

Genetic association analysis of the ZAR1 locus with a 
number of traits was conducted using populations that were 
phenotyped for 2007, 2008, and 2009 under drought-stressed 
conditions. The study involved both heterotic groups, with 234 

Fig. 3.  Yield difference of transgenic hybrid of ZAR1 allele variants relative to control in multiple locations, environment classes, and 
years. Transgenic hybrids (ProZmUBI:ZAR1), SS1 (bar with no outline) or NS1 (bar with outline) protein coding allele variants, respectively) 
were yield tested in three years and four to five locations each year. Each location is colour-coded for the environment classes, * 
indicates statistically significant (P <0.1); x-axis, location and environmental classes, y-axis, per cent of yield increase of the transgenic 
(ProZmUBI:ZAR1) relative to the non-transgenic null segregant. Yield data were based upon six insertion events (2007), and 10–20 
insertion events (2008 and 2009), respectively. Loc1: Linn, IA; Loc2: York, NE; Loc3: Tipton, IN; Loc4: Bureau, IL; loc5: York, NE; Loc6: 
Saline, MO; Loc7: Van Buren, IA; Loc8: Gibson, IN: Loc9: Yolo, CA. Locations are by U.S. County, State.
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Fig. 4.  ZAR1 transgene efficacy in relation to the environmental classes and major environmental factors. (a) Transgene efficacy 
(ProZmUBI:ZAR1) for the four different environmental classes. Transgene efficacy was significantly different under different environmental 
types, different letters (a, b) indicate statistically significant differences (P <0.05 in ANOVA). ZAR1 transgene showed negative effects 
on yield under HL and TH environment classes and positive effect on yield under T, TD or drought-stress environments. (b) Transgene 
efficacy showed a positive relationship with higher daily maximum temperature of the growing season; and (c) with cumulative solar 
radiation; (d) showed a negative relationship with the amount of rainfall in the early growing season. Transgene efficacy was measured as 
yield difference of transgenic versus null control in bushel per acre. Yield and environment data were based upon data from three years. 
HL: High Latitude; TH: Temperate Humid; T: Temperate; TD: Temperate Dry. Note that the environmental classifications refer to the 
climate at the locations in the years involved; it is not a statement about physical latitude (see Materials and methods).
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NS inbred lines, and 133 SS lines, which included all of the 
inbred lines used for the haplotype analysis. For each heterotic 
group a single inbred tester was drawn and crossed to all of the 
lines from the opposite heterotic group to create F1 hybrids. 
The ZAR1 gene co-localized with QTLs of traits meas-
ured under flowering and grain-filling drought conditions. 
Associations with kernel weight, barrenness, plant height, and 
staygreen were detected (Table 1). The magnitude of the effect 
of the ZAR1 gene was small to moderate and of a similar 
magnitude for yield-related QTLs detected in elite maize pop-
ulations (Boer et al., 2007; van Eeuwijk et al., 2010). The two 
major genetic marker-defined haplotype blocks involving the 
ZAR1 locus were identified as favourable, with positive effects 
on the traits, when the two tester lines used carried the other 
haplotype, that is, when the SS1 allele and the NS1 allele were 
in heterozygous combination in the hybrids. Larger numbers 
of testers would be needed to verify this trend.

Functional allelic variation of ZAR1

To understand possible sources of functional variation of 
the two major ZAR1 alleles of SS and NS heterotic groups, 
the promoter and protein coding regions of the SS1 and NS1 
alleles were analysed. Numerous insertions/deletions were 
found in the promoter region within the 1 kb region upstream 
from the presumed transcription start site (see Supplementary 
Fig. S6a at JXB online), where transcriptional cis-regulatory 
elements usually reside. Allele-specific expression analysis of 
the SS1/NS1 hybrid showed that SS1 and NS1 alleles were 
differentially expressed. The allelic expression difference was 
observed in both immature ear and seedling tissues, and under 
drought conditions (Fig.  6; see Supplementary Table S4 at 
JXB online). Since both alleles were in a common hybrid, the 
allelic expression difference is hypothesized to be due to cis-
regulatory differences (Guo et al., 2003, 2004, 2008; Springer 
and Stupar, 2007). These data provide evidence that the pro-
moter allele variants of ZAR1 may be functional and account 
for the differences in temporal, spatial, or stress-responsive 
expression. Amino acid differences were also found in the 

protein coding regions between the SS1 and NS alleles (see 
Supplementary Fig. S6b at JXB online). These differences 
were investigated by protein structural modelling analysis. 
The alternatives leucine/methionine (L/M) occurred at the 
most conserved motif, which probably defines secondary pro-
tein structure. The variants alanine/glycine (A/G) may allow 
SS1 to have a highly flexible glycine-glycine-glycine (GGG) 
loop adjacent to the conserved motif. These amino acid dif-
ferences could alter the secondary or tertiary structures of the 
ZAR1 protein, and therefore the protein functions of the SS1 
and NS1 alleles.

Transgene efficacy of ZAR1 alleles in heterozygous 
combination

Given that the two major alleles are observed to be favour-
able in hybrid performance when in the heterozygous com-
bination, vectors were designed to test whether a transgenic 
heterozygous combination would produce higher transgene 
efficacy than either allele alone. Since the allelic variation 
could be due to either expression or protein differences, 
transformation vectors were built including the native pro-
moter and coding regions of  each isolated SS1 and NS1 
native allele alone, and a molecular heterozygous allele stack 
(SS1+NS1).

Yield testing of these transgenics with multiple insertion 
events and across five locations in 2011 showed that the individ-
ual allele transgenic ZAR1 plants consistently showed a posi-
tive effect. The transgenic plants with the molecularly stacked 
heterozygous alleles ZAR1 (SS1+NS1) had a significant yield 
increase in more locations than either of the single allele trans-
genics. Multi-location analysis showed that transgenic plants 
of the heterozygous allele stack had an overall statistically 
significant yield increase, whereas the transgenic plants of the 
individual alleles showed a positive impact on yield but were 
not statistically significant across all environments (Fig. 7; see 
Supplementary Table S5 at JXB online). The data indicate a 
higher magnitude of yield increase and more stable perfor-
mance of the transgenic stacked alleles than the single alleles.

Table 1.  Estimated effect sizes for detected associations of the ZAR1 gene in the SS and NS heterotic groups for traits in top-cross 
inbred preference across three years of evaluation under managed drought conditions

Effects estimated under flowering stress (FS) and grain-filling stress (GFS) treatments (water deprivation, see Supplementary data, Association 
experiments, at JXB online), are given as having an SS1 and NS1 allele, in heterozygous (NS1/SS1) and homozygous combination in (NS1/NS1) 
in the NS set; and homozygous (SS1/SS1) and heterozygous combination (SS1/NS1) in the SS set. Numbers in bold and italic indicate effects 
statistically significant at P <0.1. ‘0 .00’ indicated that there is no detected effect of allele substitution.

NS and SS sets and treatments NS_FS NS_GFS SS_FS SS_GFS

Testcross genotype NS1/SS1 NS1/NS1 NS1/SS1 NS1/NS1 SS1/SS1 NS1/SS1 SS1/SS1 NS1/SS1
ASI (GDU) 0.00 0.00 0.00 0.00 0.20 –10.76 0.18 –0.29
Barren plant count (%) –0.17 –1.90 1.40 –3.50 0.00 0.00 –0.35 0.09
Kernel no. per ear 1.76 –4.67 1.00 –3.33 –1.64 4.31 0.00 0.00
Kernel wt (grams) 0.10 –-0.01 0.00 0.00 -0.20 0.16 0.00 0.00
Plant height (inches) 0.20 -0.10 –0.66 0.38 0.00 0.00 0.77 2.12
Staygreen (1–9 score) 0.01 0.15 0.04 0.16 0.00 0.00 0.00 0.00
Grain yield (bushels/acre) 0.00 0.00 -0.60 –7.13 –0.45 0.54 –0.22 2.40
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This experiment was not intended to distinguish whether 
the SS1_NS1 positive effect was due to functional allelic 
complementation of either expression or protein differences. 
Nonetheless, at least in leaf tissue, total ZAR1 expression 
(transgenic plus endogenous allele) was highest in SS1 trans-
genic plants, whereas NS1 and the SS1+NS1 stack transgenic 
plants had lower total ZAR1 expression than SS1 plants, 
but similar to each other (see Supplementary Fig. S7a–c at 
JXB online). The larger transgene effects (grain yield) did not 

correlate with higher ZAR1 leaf tissue expression level (see 
Supplementary Fig. S7d at JXB online). A simple expression 
dose–response mechanism is therefore not supported by this 
leaf assay result although it cannot be ruled out. More com-
plex allelic behaviour across spatial, temporal, and environ-
mental response dimensions may exist in the native promoters.

Discussion

There are few clear and unambiguous instances to date of 
single transgenes which positively impact complex agronomic 
traits in crop plants. The significant conclusions of this study 
are the following: (i) a maize gene ZAR1, selected from a class 
of genes considered ‘intrinsic yield’ genes because of their role 
in controlling plant organ size, positively impacts transgenic 
maize size and performance, in part through changes in cell 
number; (ii) the ZAR1 single transgene positively impacts 
complex yield-related trait performance for hybrid maize in 
field conditions; (iii) the transgene effect shows environmental 
interactions typical of complex agronomic traits; (iv) func-
tional native allelic variants from a maize breeding programme 
exhibit different but positive transgene efficacy; and (v) these 
transgenic alleles positively interact in heterozygous combina-
tion, consistent with their participation in hybrid breeding.

ZAR1 effects organ size via cell number

Genes involved in plant and organ size control are referred to 
as intrinsic yield genes (Krizek, 2008; Gonzalez et al., 2009), 

Fig. 6.  Native allele specific expression of ZAR1 in hybrid SS1/
NS1. Differential allelic expression in the immature ear (V19 
stage) and seedling (V3 stage), and response to drought stress 
in the seedling tissue of the hybrid. Inbred parents SS1 and NS1 
are shown as reference control for the SS1 and NS1 alleles. 
Note the relative allelic expression change from well watered 
to drought stress. See Supplementary Table S4 for quantitative 
measurements of allele expression.

Fig. 7.  Yield data of ZAR1 transgenic hybrids with single and stacked heterozygous alleles. Data are the percentage of yield increase of 
transgenic ZAR1 hybrids (ProZmZAR1:ZAR1) for SS1, NS1, and SS1+NS1 allele variants, respectively, relative to the non-transgenic control 
in five locations in 2011. Each allele variant contains its own native promoter and protein coding region, with a 35S-enhancer added in 
the vectors to enhance the level of expression. Multiloc: multi-location analysis of data from all five locations. x-axis, testing locations. 
Loc1 and Loc3 were under Flowering drought Stress (FS), and Grain-Filling drought Stress (GFS), respectively. y-axis, percentage of 
yield increase to control (bulked non transgenic segregants) of each individual construct. For each construct approximately 10 insertion 
events were tested. * indicates a statistically significant (P <0.1). Loc1, Loc2, and Loc3: Yolo, CA; Loc4: York, NE; Loc5: Polk, IA. 
Locations are by U.S. County, State. Environment classifications were defined by the climate of the season not the physical latitude (see 
Materials and methods).
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and they are being studied for their potential to increase 
biomass and crop yield. It has been demonstrated here that 
ectopically expressing ZAR1, a putative maize orthologue 
of the Arabidopsis ARGOS gene (Hu et al., 2003), increased 
plant and organ size in maize by multiple metrics. ZAR1 
increased maize plant growth by a faster growth rate and 
not an extended growth period, as observed for ARGOS 
in Arabidopsis. Consistent with ARGOS gene effects in 
Arabidopsis, the increased plant and organ size was due pri-
marily to increased cell number, not cell size. The maize gene 
ZmCNR1, a negative cell number regulator and orthologue 
of tomato fruit weight gene fw2.2 (Frary et al., 2000; Nesbitt 
and Tanksley, 2001), also affects maize transgenic plant size 
via cell number (Guo et al., 2010). While Arabidopsis ARGOS 
has been implicated in auxin action (Hu et al., 2003), exactly 
how it, much less maize ZAR1, relates to auxin or other sys-
tems remains unknown. On a parallel note, however, two 
other ARGOS gene family members in Arabidopsis have been 
studied: ARL (ARGOS-like), which affects plant and organ 
size by altering cell size, and is involved in the brassinosteroid 
(BR) pathway (Hu et  al., 2006); and the OSR (Organ Size 
Related) gene, which affects both cell number and cell size, 
but is induced by ethylene (Feng et al., 2011).

ZAR1 transgene effects on yield and environment 
interaction

Transgenically over-expressing ZAR1 in maize not only 
increased plant and organ growth, but also improved agro-
nomic traits related to drought stress, such as reduced ASI, 
tip kernel abortion and barrenness. Moreover, the positive 
effect of the ZAR1 gene was more pronounced on tip kernel 
abortion at a higher planting density, and on yield under envi-
ronments that were hotter and dryer. Crowding or density 
stresses, and hot and dry environments resulting in drought 
stress, are known to impact these three agronomic traits simi-
larly. The ZAR1 yield-related positive effects may, therefore, 
have environmental interactions that are probably mediated 
through tolerance to drought and related stresses.

Maize breeders commonly test maize hybrids in multi-
environmental trials to evaluate their performance within the 
target population of environments (TPE) (Löffler et al., 2005; 
Cooper et al., 2006). Transgenes for insect and weed control 
traits, with relative mechanistic simplicity, often exhibit effec-
tiveness over broad environmental and geographical regions 
(Estruch et  al., 1997; Dill et  al., 2008; Kumar et  al., 2008; 
Duke, 2011). Transgenic effectiveness for more complex agro-
nomic traits with specific environmental conditions remains 
poorly understood. This study of the ZAR1 transgene dem-
onstrates environmental conditions interact with the gene’s 
effect on complex crop performance traits.

ZAR1 alleles in transgenics and natural variation

The effects of transgenic ZAR1 alleles, and the distribution of 
the allele variants in maize germplasm of Pioneer, presented 
a parallel between allelic transgene efficacy and allelic effects 
within breeding germplasm. Breeding selection has changed 

the genetic make-up of the germplasm (Duvick et al., 2004; 
Duvick, 2005). Although the underlying mechanisms for the 
continuous yield gain over the decades of hybrid maize devel-
opment is essentially unknown, the selection has impacted 
the allele frequency of many thousands of target genomic 
regions, and across diverse breeding germplasm (Feng et al., 
2006; Hufford et al., 2012; Jiao et al., 2012; van Heerwaarden 
et al., 2012). Fewer allele types per locus have typically been 
retained in the elite germplasm pool relative to the original 
founder pool (Feng et al., 2006). In addition, a subset of allelic 
variants has become diverged between the SS and NS heter-
otic groups, from which the bulk of inbred parents of com-
mercial hybrids are derived (Duvick et al., 2004; Duvick, 2005; 
Feng et al., 2006). The observation that two of the founder 
ZAR1 alleles are retained as the predominant alleles in our 
elite germplasm indicates that the ZAR1 locus may have been 
a target of selection in breeding. The selection may be due 
either to ZAR1 itself  having functionally superior alleles or 
it being closely linked to other selection targets. Interestingly, 
a recent study using public breeding germplasm of North 
American maize has identified a different ZAR locus (ZAR7) 
as a target of breeding selection and shown a similar impact 
on allele frequencies (van Heerwaarden et al., 2012).

The following observations are consistent with functional 
diversity existing at the ZAR1 locus having been selected for in 
hybrid maize heterotic performance. Among 245 elite breed-
ing lines, among both SS and NS germplasm, the ZAR1 locus 
seldom or never recombined with its closest markers within 
the 2 cM flanking range, but instead these other neighbour-
ing markers have recombined across the 245 inbred lines. This 
indicates that the major ZAR1 alleles now lie in narrow haplo-
type blocks surrounded by recombination. Second, yield gains 
in hybrid maize from breeding are, in considerable part, due to 
genetic improvement in tolerance to biotic and abiotic stresses 
(Duvick, 2001; Duvick et al., 2004; Hammer et al., 2009). Our 
results indicate that ZAR1 is associated with drought-stress 
tolerance in both transgenics and in native variation. Third, 
in hybrid maize development, where heterotic combinability is 
sought, the selection is based upon yield of top-cross hybrids, 
not parental inbred lines themselves. Therefore, allelic perfor-
mance is often evaluated and selected for in hybrids where the 
alleles are heterozygous. The observation that, at the ZAR1 
locus, the native alleles SS1 and NS1 favour crop performance 
in the heterozygous combination is consistent with this hetero-
sis. Fourth, both alleles have been retained as the predominant 
alleles partitioned into Pioneer’s SS and NS heterotic popu-
lations representing the female and male lines, respectively. 
Fifth, when these ZAR1 alleles were transgenically stacked 
together in a heterozygous state they outperformed the indi-
vidual transgenic alleles resembling heterosis. Sixth, the alleles 
differ in ways that may be functionally significant, in both 
expression differences and protein structures, providing a pos-
sible foundational explanation of their functional differences.

The ZAR1 alleles’ transgenic effects and the native allelic 
variation in elite breeding germplasm point to a shared 
genetic basis governing their genetic contributions as favour-
able alleles, but also their environmental interaction depend-
encies. While genetic variation from exotic germplasm or wild 
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species can contribute to the long-term success of conven-
tional breeding efforts, genetic material from the same species 
(Jacobsen and Schouten, 2007; Orzaez et al., 2010), especially 
genetic/allelic variations already selected by breeding under 
specific targeted agronomic environments, such as drought 
stress or high plant density, may be useful for crop improve-
ment by transgenic and cisgenic approaches.

Accession numbers

Sequence data from this article can be found in the GenBank 
databases under the following accession numbers: ZAR1 
(JN252296), ZAR2 (JN252297), ZAR3 (JN252298), ZAR4 
(JN252299), ZAR5 (JN252300), ZAR6 (JN252304), ZAR7 
(JN252301), ZAR8 (JN252302), and ZAR9 (JN252303).

Supplementary data

Supplementary data can be found at JXB online.
Supplementary Table S1. RT-PCR and cloning primers.
Supplementary Table S2. The maize ZAR gene family.
Supplementary Table S3. Transgenic hybrid yield of ZAR1 

allele variants relative to control in multiple locations, envi-
ronment classes and years.

Supplementary Table S4. ZAR1 allelic expression ratio in 
the F1 hybrid.

Supplementary Table S5. Yield of ZAR1 transgenic hybrids 
with single and stacked heterozygous alleles.

Supplementary Fig. S1. The maize ZAR gene family.
Supplementary Fig. S2. ZAR1 transgene effects in inbred 

plants.
Supplementary Fig. S3. ZAR1 transgene effects on inter-

node length of inbred plants.
Supplementary Fig. S4. Alteration in cell growth of inbred 

plants over-expressing ZAR1.
Supplementary Fig. 5. Distribution of ZAR1 alleles in the 

breeding germplasm and allele combinations in commercial 
hybrids.

Supplementary Fig. S6. Allelic variation in promoter and 
protein coding regions of ZAR1 SS1 and NS1 alleles.

Supplementary Fig. S7. ZAR1 expression level (both 
transgene and endogenous gene) in transgenics of different 
allele configurations.

Supplementary data. Association experiments.

Acknowledgements

We thank Suling Zhao, Rajeev Gupta, Wang-Nan Hu, 
Darren Hasegawa, Deping Xu, Shifu Zhen, Mary Trimnell, 
Renee Laffite, and Hua Mo for technical assistance.

References

Beavis WD, Keim P. 1996. Identification of QTL that are affected by 
environment. In: Kang MS, Gauch HG, eds. Genotype by environment 
interaction . Boca Raton: CRC Press, 123–149.

Beló A, Zheng P, Luck S, Shen B, Meyer DJ, Li B, Tingey S, 
Rafalski A. 2008. Whole genome scan detects an allelic variant of 
fad2 associated with increased oleic acid levels in maize. Molecular 
Genetics and Genomics 279, 1–10.

Boer MP, Wright D, Feng L, Podlich DW, Luo L, Cooper M, van 
Eeuwijk FA. 2007. A mixed-model quantitative trait loci (QTL) analysis 
for multiple-environment trial data using environmental covariables for 
QTL-by-environment interactions, with an example in maize. Genetics 
177, 1801–1813.

Braak CJFt, Boer MP, Totir LR, Winkler CR, Smith OS, Bink MC. 
2010. Identity-by-descent matrix decomposition using latent ancestral 
allele models. Genetics 185, 1045–1057.

Busov VB, Brunner AM, Strauss SH. 2008. Genes for control of 
plant stature and form. New Phytologist 177, 589–607.

Cigan AM, Unger-Wallace E, Haug-Collet K. 2005. Transcriptional 
gene silencing as a tool for uncovering gene function in maize. The 
Plant Journal 43, 929–940.

Cooper M, van Eeuwijk FA, Chapman SC, Podlich DW, Löffler CM.  
2006. Genotype-by-environment interactions under water-limited 
conditions. In: J-M Ribaut, ed. Drought adaptation in cereals . 
Binghampton: Haworth Press Inc., 51–96.

Dean A, Voss D. 1999. Inferences for contrasts and treatment 
means. In: Dean A, Voss D, eds. Design and analysis of experiments . 
New York: Springer-Verlag, 85–87.

Dill GM, CaJacob CA, Padgette SR. 2008. Glyphosate-resistant 
crops: adoption, use and future considerations. Pest Management 
Science 64, 326–331.

Duke SO. 2011. Comparing conventional and biotechnology-based 
pest management. Journal of Agricultural and Food Chemistry 59, 
5793–5798.

Duvick DH. 1999. Heterosis: feeding people and protecting natural 
resources. In: Coors JG, Pandey S, eds. The genetics and exploitation 
of heterosis in crops . Madison, WI: Crop Science Society of America, 
Inc., 19–29.

Duvick DN. 2001. Biotechnology in the 1930s: the development of 
hybrid maize. Nature Reviews Genetics 2, 69–74.

Duvick DN. 2005. The contribution of breeding to yield advances in 
maize (Zea mays L). Advances in Agronomy 86, 83–145.

Duvick DN, Smith JSC, Cooper M. 2004. Long-term selection in a 
commercial hybrid maize breeding program. Plant Breeding Reviews 
24, 109–151.

Estruch JJ, Carozzi NB, Desai N, Duck NB, Warren GW, Koziel 
MG. 1997. Transgenic plants: An emerging approach to pest control. 
Nature Biotechnology 15, 137–141.

Feng G, Qin Z, Yan J, Zhang X, Hu Y. 2011. Arabidopsis 
ORGAN SIZE RELATED1 regulates organ growth and final organ 
size in orchestration with ARGOS and ARL. New Phytologist 191, 
635–646.

Feng L, Sebastian S, Smith S, Cooper M. 2006. Temporal trends in 
SSR allele frequencies associated with long-term selection for yield of 
maize. Maydica 51, 293–300.

Frary A, Nesbitt TC, Grandillo S, Knaap E, Cong B, Liu J, Meller J,  
Elber R, Alpert KB, Tanksley SD. 2000. fw2.2: a quantitative trait 
locus key to the evolution of tomato fruit size. Science 289, 85–88.

http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert370/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert370/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert370/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert370/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert370/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert370/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert370/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert370/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert370/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert370/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert370/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert370/-/DC1
http://jxb.oxfordjournals.org/lookup/suppl/doi:10.1093/jxb/ert370/-/DC1


260  |  Guo et al.

Gonzalez N, Beemster GT, Inzé D. 2009. David and Goliath: 
what can the tiny weed Arabidopsis teach us to improve biomass 
production in crops? Current Opinion in Plant Biology 12, 
157–164.

Guo M, Rupe MA, Danilevskaya ON, Yang X, Hu Z. 2003. 
Genome-wide mRNA profiling reveals heterochronic allelic variation 
and a new imprinted gene in hybrid maize endosperm. The Plant 
Journal 36, 30–44.

Guo M, Rupe MA, Dieter JA, Zou J, Spielbauer D, Duncan KE, 
Howard RJ, Hou Z, Simmons CR. 2010. Cell Number Regulator1 
affects plant and organ size in maize: implications for crop yield 
enhancement and heterosis. The Plant Cell 22, 1057–1073.

Guo M, Rupe MA, Yang X, Crasta O, Zinselmeier C, Smith OS, 
Bowen B. 2006. Genome-wide transcript analysis of maize hybrids: 
allelic additive gene expression and yield heterosis. Theoretical and 
Applied Genetics 113, 831–845.

Guo M, Rupe MA, Zinselmeier C, Habben J, Bowen BA, Smith 
OS. 2004. Allelic variation of gene expression in maize hybrids. The 
Plant Cell 16, 1707–1716.

Guo M, Yang S, Rupe M, Hu B, Bickel DR, Arthur L, Smith O.  
2008. Genome-wide allele-specific expression analysis using 
Massively Parallel Signature Sequencing (MPSS) reveals cis- and 
trans-effects on gene expression in maize hybrid meristem tissue. 
Plant Molecular Biology 66, 551–563.

Hammer GL, Dong Z, McLean G, Doherty A, Messina C, 
Schussler J, Zinselmeier C, Paszkiewicz S, Cooper M. 2009. 
Can changes in canopy and/or root system architecture explain 
historical maize yield trends in the U.S. Corn Belt?. Crop Science 49, 
299–312.

Hayashi H, Czaja I, Lubenow H, Schell J, Walden R. 1992. 
Activation of a plant gene by T-DNA tagging: auxin-independent 
growth in vitro. Science 258, 1350–1353.

Hu Y, Poh HM, Chua NH. 2006. The Arabidopsis ARGOS-LIKE gene 
regulates cell expansion during organ growth. The Plant Journal 47, 
1–9.

Hu Y, Xie Q, Chua NH. 2003. The Arabidopsis auxin-inducible gene 
ARGOS controls lateral organ size. The Plant Cell 15, 1951–1961.

Hufford MB, Xu X, van Heerwaarden J, et al. 2012. Comparative 
population genomics of maize domestication and improvement. 
Nature Genetics 44, 808–811.

Jacobsen E, Schouten HJ. 2007. Cisgenesis strongly improves 
introgression breeding and induced translocation breeding of plants. 
Trends in Biotechnology 25, 219–223.

Jiao Y, Zhao H, Ren L, et al. 2012. Genome-wide genetic changes 
during modern breeding of maize. Nature Genetics 44, 812–815.

Krizek BA. 2008. Making bigger plants: key regulators of final organ 
size. Current Opinion in Plant Biology 12, 17–22.

Kumar S, Chandra A, Pandey KC. 2008. Bacillus thuringiensis (Bt) 
transgenic crop: an environment friendly insect-pest management 
strategy. Journal of Environmental Biology 29, 641–653.

Labate JA, Lamkey KR, Lee M, Woodman WL. 1997. Molecular 
genetic diversity after reciprocal recurrent selection in BSSS and 
BSCB1 maize populations. Crop Science 37, 416–423.

Löffler CM, Wei J, Fast T, Gogerty J, Langton S, Bergman M, 
Merrill B, Cooper M. 2005. Classification of maize environments 
using crop simulation and geographic information systems. Crop 
Science 45, 1708–1716.

Malosetti M, Voltas J, Romagosa I, Ullrich SE, van Eeuwijk FA. 
2004. Mixed models including environmental covariables for studying 
QTL by environment interaction. Euphytica 137, 139–145.

Nesbitt TC, Tanksley SD. 2001. fw2.2 directly affects the size of 
developing tomato fruit, with secondary effects on fruit number and 
photosynthate distribution. Plant Physiology 127, 575–583.

Opsahl-Sorteberg HG, Divon HH, Nielsen PS, Kalla R, 
Hammond-Kosack M, Shimamoto K, Kohli A. 2004. Identification 
of a 49-bp fragment of the HvLTP2 promoter directing aleurone cell 
specific expression. Gene 341, 49–58.

Orzaez D, Monforte AJ, Granell A. 2010. Using genetic variability 
available in the breeder’s pool to engineer fruit quality. GM Crops 1, 
120–127.

Springer NM, Stupar RM. 2007. Allelic variation and heterosis 
in maize: how do two halves make more than a whole? Genome 
Research 17, 264–275.

Unger E, Betz S, Xu R, Cigan AM. 2001. Selection and orientation 
of adjacent genes influences DAM-mediated male sterility in 
transformed maize. Transgenic Research 10, 409–422.

van Eeuwijk F, Boer M, Totir LR, et al. 2010. Mixed model 
approaches for the identification of QTLs within a maize hybrid 
breeding program. Theoretical and Applied Genetics 120, 429–440.

van Heerwaarden J, Hufford MB, Ross-Ibarra J. 2012. Historical 
genomics of North American maize. Proceedings of the National 
Academy of Sciences, USA 109, 12420–12425.

Vargas M, van Eeuwijk F, Crossa J, Ribaut J-M. 2006. Mapping 
QTLs and QTL×environment interaction for CIMMYT maize drought 
stress program using factorial regression and partial least squares 
methods. Theoretical and Applied Genetics 112, 1009–1023.


