
Plant growth regulators ameliorate or exacerbate abiotic and
biotic stress effects on Zea mays kernel weight in a
genotype-specific manner

Stutts, Lauren*1, Wang, Yishi2 and Stapleton, Ann E.1§
1Department of Biology and Marine Biology, 2Department of Mathematics and Statistics email: wangy@uncw.edu, 
University of North Carolina Wilmington, Wilmington, NC 28403

§corresponding author stapletona@uncw.edu 910-962-7267

*current address Plant Molecular and Cellular Biology Program, University of Florida, Gainesville, FL email:
laurenrstutts@ufl.edu

HIGHLIGHT

Plant growth regulators can ameliorate effects of combinations of abiotic and biotic stress in maize, in certain 
genotypes and under specific stress conditions.

ABSTRACT

Plant growth regulators have documented roles in plant responses to single stresses. In combined-stress 
environments, plants display novel genetic architecture for growth traits and the response to growth regulators is 
unclear. We investigated the role of plant growth regulators in combined-stress responses in Zea mays. Twelve maize 
inbreds were exposed to all combinations of the following stressors: drought, nitrogen, and density stress. Chemical 
treatments were utilized to alter balances of the hormones abscisic acid, gibberellic acid, and brassinosteroids. We 
found a significant difference between the seed weights of plants given different chemical treatments after 
accounting for differences in genotype and stress environments. We conclude that plant growth regulators have 
targets in combined-stress response pathways in Zea mays.
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INTRODUCTION

Of all of the world’s grains, maize production is the largest by weight, and the United States is the top 
exporter of this grain (Capehart) USDA (2016). The large amounts of maize produced are used globally in 
various roles; maize remains a major source of food for both humans and animals around the world, and
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is also utilized in the production of biofuels. Maize production is continuously being improved by efforts
in plant breeding and genetic modification, therefore maize genetics remains a central area of research.
Geneticists aim to select for traits that will result in better protection against pests, more resistance to
harsh environmental conditions, and as a more nutritious food source (Carena et al. , 2010). With the
continued growth of the world’s population the agriculture industry faces a higher demand for grains and
smaller land resources to meet this demand. Therefore, the overarching goal is to produce crops of a higher
quality at higher quantity. Knowledge about plant response to stress at the molecular level is key to meeting
higher demand, as a large proportion of crops are exposed to stress annually (Lobell and Gourdji, 2012).

Response to Environmental Stress The response of crops to abiotic and biotic stress has long been
a focal point for agricultural research. A solid comprehension of the mechanisms plants use to combat
environmental stresses such as drought, light-stress, fungal infections, and nutrient depletion, for example,
allows researchers to develop plants that will be more resistant to these stresses (Taiz and Zeiger, 2006).
Exposure of plants to stress at certain points of development can have detrimental impacts on growth and
crop yield (Carena et al., 2010). Significant decreases in corn grain yield and plant biomass can result from
limitations in nitrogen availability, which is especially important in low-input smallholder settings (Weber et
al., 2012). Loss of plant biomass can also be seen in response to varying plant density, even in some modern
maize hybrids (Tokatlidis et al., 2011).

Source-sink balance is a key determinant of the final harvest weight of maize kernels, typically with an
interaction between genotypes and environmental limits across years (Borrás et al., 2004; Sala et al. , 2007;
Boomsma et al., 2009). Kernel weight is less affected by late abiotic stress than kernel number, and the
kernel weight environmental response varied across hybrid genotypes (Slafer and Otegui, 2000). This makes
kernel weight a useful trait across both basic research and applied agronomic experimentation (Kesavan et
al., 2013; Zhang et al., 2016).

Increased attention has been given recently to plant responses to combined stresses (Rejeb et al., 2014). Plant
physiological responses to combined-stress are not additive; when exposed to two simultaneous stresses, por-
tions of the two single-stress response genetic pathways are expressed, but not all (Mittler, 2006; Suzuki et al.
, 2014). A synergistic response to drought and low nitrogen maize can be present and has been exploited for
production via agronomic advice to reduce nitrogen fertilizer application under drought conditions (Bennett
et al., 1989; Weber et al., 2012; Sadras and Richards, 2014), though this synergistic response is genetically
variable and thus would not apply to all production settings. Beyond the nitrogen-drought interaction, ad-
ditional non-linear combinatoric responses can be used to group maize genotypes into high and low input
optimal types (Ruffo et al., 2015).

A signaling network has been proposed by Makumburage et al. (Makumburage et al. , 2013), in which
loci within individual stress response pathways repress loci in different stress response pathways. Evidence
was provided that maize displays a novel genetic architecture in response to combined stress, relative to the
architecture of genetic response to a single stress. Makumburage et al. (2013) observed that the interaction
between two stress-response pathways in corn allowed improved growth under combined-stresses compared
to what would be expected. Combining abiotic and biotic stressors, specifically plant density, also results in
non- additive responses (Rossini et al., 2011). Information about response to combined-stresses is relevant
in the agriculture industry, because crops growing in the field encounter multiple stresses simultaneously
throughout their life cycle, rather than only one stress in an otherwise controlled environment.

At the cellular level, it has been observed that once a plant has been exposed to one stress, the molecular
response to a second stress can be altered (Rasmussen et al., 2013). Furthermore, novel genes not expressed
under either stress individually are expressed when the plant is exposed to both stresses simultaneously
(Rizhsky et al., 2004; Plessis et al., 2015). Humbert et al. (Humbert et al., 2013) presented data confirming
that maize transcript-level response to drought varied depending on whether the plant was also under nitrogen
stress.

Genotypes For this study, we selected a range of genotypes that were from temperate, tropical and mapping
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populations. The B73 and Mo17 inbreds are widely studied; B73 in particular was a key to improved
germplasm in the single-cross hybrid era of maize breeding (Carena et al. , 2010). Improved tropical
genotype CML103 was selected by CIMMYT breeders and is included in key diversity panels such as the
NAM (McMullen et al., 2009). We also chose a few genotypes from a widely used mapping population
(more than 300 citations), which was derived from B73 and Mo17 with intermating to increase the number
of recombination events (Lee et al., 2002).

Plant Hormones Plant hormones have been long known to be mediators between the external environment
and the internal activities of plants (Wilkinson et al., 2012). Plant hormones regulate the growth and devel-
opment of plants, stimulating seed germination, placement and growth of new organs, death and abscission of
organs, ripening of fruit, and regulation of stomatal closure (Taiz and Zeiger, 2006). Hormones are involved
in cross-talk between other pathways within the plant (Mittler et al., 2011), and often play an integrator
role between multiple pathways (Jaillais and Chory, 2010; Gómez-Cadenas et al. , 2014). Plant hormones
are tightly intertwined with every aspect of the organism’s life. Due to their role as pathway integrators, we
have focused on hormones as candidates for the interaction seen between stress-response pathways during
multiple-stress responses.

Gibberellins are a group of plant hormones known to influence plant growth and development (Taiz and
Zeiger, 2006). These compounds are synthesized in the chloroplasts, endoplasmic reticulum, and cytosol of
plant cells, and transported via the xylem, and play a role in modulation of abiotic stress (Colebrook et
al., 2014). Abscisic acid has long been recognized for its role in plant response to water-limiting conditions.
Abscisic acid is known to be a key player in regulating the opening and closing of stomata, by controlling
the surrounding guard cells (Li et al., 2006). There is evidence that abscisic acid may be active in helping
plants to tolerate both short-term and long-term stress (Sreenivasulu et al., 2012). Another group of plant
signaling molecules known to have significant impacts on plant growth is brassinosteroids. These molecules
are synthesized in the endoplasmic reticulum and bind neighboring cell surface receptors (Symons et al.,
2008), thereby initiating complex signaling pathways within the plant, allowing response to environmental
conditions (Belkhadir and Chory, 2006).

Plant Growth Regulators Due to their effects on plant traits, hormones are targets of researchers at-
tempting to influence these traits. “Plant Growth Regulator” is a term given to a large group of chemicals
used to alter intrinsic levels of plant hormones. Many of these chemicals are sold commercially, and target
the biosynthesis or degradation of plant hormones. In this study, we used three commercial plant growth reg-
ulators, along with direct application of gibberellic acid, to change hormone levels within individual plants.
The three plant growth regulators used were paclobutrazol (PAC), uniconazole (UCN), and propiconazole
(PCZ). These compounds are all triazoles, which target enzymes and result in inhibition of the synthesis of
various compounds, such as GA, BR, and ABA. Some triazole compounds were originally used as fungicides
(by limiting GA synthesis in fungi), and were later recognized for their effects on plant growth (Rademacher
et al., 1992). Paclobutrazol is commonly used to limit stem elongation in crops. The compound inhibits
synthesis of gibberellic acid by preventing formation of the precursor molecule kaurenoic acid (Hedden and
Graebe, 1985). The limitation of stem elongation in crops is beneficial because it prevents lodging, or stem
breakage, when top-heavy plants are exposed to adverse conditions. Uniconazole is another regulator used
to limit plant height. Uniconazole has also been shown to increase drought tolerance in Arabidopsis thaliana
(Saito et al., 2006). These effects are achieved by inhibiting synthesis of GA and BR, and inhibiting the
breakdown of ABA. Treatment of maize with propiconazole also results in dwarf phenotypes, via inhibition
of BR synthesis (Hartwig et al., 2012).

In this study we investigated the role of hormones in plant responses to combined stresses, via manipulation
of intrinsic hormone levels of plants grown in single-stress and combined-stress environments. We predicted
that an alteration in hormone balance would alter combined-stress response pathways and ultimately alter
phenotypic response. We found that for certain genotypes, a creation of hormone imbalance within the
plants altered the seed weight trait response to combined-stress environments.

MATERIALS AND METHODS
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Co-localization of Combined-stress QTL and Hormone-responsive Genes

Combined stress quantitative trait loci (QTL) were determined from previous field experiments (Stapleton,
personal communication; (Makumburage et al., 2013). These QTL are regions of the maize genome de-
termined to be important to certain plant traits in response to various stressors in the field. QTL were
identified under either combined drought and UV stress or combined drought and nitrogen stress. Regions
of the maize genome were identified as significant contributors to phenotypic traits such as plant height and
root biomass. The coordinates of these combined-stress regions were identified by using the Locus Lookup
function on MaizeGDB (http://www.maizegdb.org/) to find marker positions on the maize genome. The
coordinates of these regions were placed into Qteller (http://www.qteller.com/), which returned a list of
all genes present in the multiple-stress QTL. This gene list was then used in agriGO, which used Fisher’s
significance test (α=0.05) to determine what lists of genes compose the combined-stress QTL gene set.

To determine which genes compose hormone pathways in maize, a list of genes known to be responsive
to hormones was compiled from information obtained in the literature and from MaizeGDB. The physical
locations of hormone-responsive genes on the maize genome were determined using MaizeGDB (RefGen v2
sequence map). The number of hormone-responsive genes co-localized with combined-stress QTL was de-
termined, and the ComBin function in Microsoft Excel was used to evaluate the significance of genes falling
into these QTL, by calculating the combinatorial probability that they would be in those locations by chance
(Balint-Kurti et al., 2010).

Field Design and Implementation of Abiotic Stress Conditions

Plants were grown in an experimental plot at the Central Crops Research Station in Clayton, North Carolina,
Latitude 35.66979°, Longitude -78.4926° from April 12 to August 30, 2013. The field was arranged in a strip
plot design, in which the plants were exposed to up to three of the following stresses: nitrogen deprivation,
drought, and high density stress. The field was divided into eight sections as shown in Figure 1, and each of
the sections received a combination of between zero and three of the stresses previously mentioned, so that
all possible stress combinations were included. Drought stress was imposed by lack of irrigation to stressed
sections. Water was supplied to irrigated portions as needed during silking and grain fill. A nitrogen-stressed
environment was created by lack of nitrogen application. Other nutrient-containing fertilizers were applied
equally across all sections of the field, in accordance with standard maize growth practice at this site. Density
stress was implemented during planting, with seeds planted four inches apart in stressed sections, rather than
eight inches apart as was done in control sections.

Genotypes

Twelve genotypes of Zea mays were used in this study; these genotypes had previously been observed to have
differences in response to stress (A. Stapleton, personal communication, (Makumburage and Stapleton, 2011;
Makumburage et al., 2013) for the trait plant height. Seeds of inbreds B73 and Mo17 and the IBM94RIL
population were obtained from the maize co-op (http://maizecoop.cropsci.uiuc.edu/). Inbreds Oh7b, Oh43,
CML103 and LH132 were kindly provided by Dr. James Holland, USDA & NCSU. Six recombinant inbred
lines from the IBM (intermated B73 and Mo17) mapping population were utilized, as well as their parent
lines, B73 and Mo17 (Lee et al., 2002). All lines in the IBM population have differing combinations of
alleles from these parent genotypes, which confer varying levels of tolerance to abiotic stressors. We used
three genotypes previously classified as stress intolerant (Mo298, Mo352, and Mo360), and three lines with
a prior identification as higher tolerance for stress (Mo017, Mo276, and Mo287). The inbred lines LH132,
CML103, Oh7B, and Oh43, which were also previously shown to have differing responses to combinations of
drought and low nitrogen (A. Stapleton, personal communication), were included as well. As seen in Figure
1, all twelve Zea mays genotypes were represented within each of the eight stress environments. The Oh43
genotype plants germinated poorly and several plots were lost during the experiment, so that genotype was
removed from further analysis. Genotypes of the RIL lines were confirmed by SNP analysis performed by a
commercial genotyping service (RapidGenomics, Inc, Gainesville, FL, USA).

Chemical Treatment for the Creation of Hormone Imbalances
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Chemical treatments were used to interrupt either synthesis or degradation of target hormones. To affect
balance between the hormones gibberellic acid, brassinosteroids, and abscisic acid, we used the following
chemicals: paclobutrazol (PAC), uniconazole (UCN), propiconazole (PCZ), and gibberellic acid (GA). One
of six chemical treatment types was given to individual plants within each environment: PAC, UCN, PCZ,
GA, PAC with GA, and a control treatment with no chemical application, as shown in Figure 2. Ten mL
of a 50 ppm concentration of each chemical was applied to each treated plant. For plants given the PAC
and GA treatment, 10 mL of both solutions were applied to give a total of 20 ml per whorl. Solutions were
pipetted directly into the whorls of plants during the 4-6 leaf stage of development, five weeks after planting.
Solutions were prepared from commercial plant growth regulators. Piccolo ornamental plant growth regulator
(manufactured by Fine Agrochemicals Ltd, Walnut Creek, CA, USA), which has a 4000 ppm concentration
of paclobutrazol, was diluted to yield a 50 ppm paclobutrazol solution. Propiconazole 14.3 (Quali-Pro,
Pasadena, TX, USA) contains a 143,000 ppm concentration of propiconazole, and was diluted to yield a 50
ppm solution. Sumagic plant growth regulator (Valent Biosciences, Libertyville, IL, USA) contains a 550
ppm concentration of uniconazole, which was diluted to yield a 50 ppm uniconazole solution. 99% gibberellic
acid (Acros Organics, Thermo Fisher, Pittsburgh, PA, USA) was dissolved in water to yield a 50 ppm GA
solution.

Data Collection and Analysis

Ear traits were measured after completion of reproductive development and drydown. The uppermost ear
was harvested from each plant, and cob diameter (in millimeters) and 20-seed weights were collected from
each ear. Seed weight was recorded as the collective weight (in grams) of 20 kernels removed from the center
of each cob. If 20 kernels were not present, the seed weight was recorded as zero. The seed weight data
are included as supplemental file 1, with metadata descriptions as supplemental file 2. A factorial model
with hormone treatment, stress treatments, and all interaction terms for each genotype was used to compare
environment, genotype, and hormone treatment group means for the traits measured. Models were fit by
generalized regression using a zero-inflated gamma distribution, with Adaptive Lasso and AICc, using SAS
JMP v12 (SAS Inc, Cary, NC). First, the control no-hormone treatment was analyzed for each stress factor
separately as a full factorial for each line, then the growth regulator treatments were analyzed; significance
thresholds were adjusted to an experiment-wise Bonnferroni multiple-test corrected threshold of P<0.005.

The pattern of seed weight response to stress for each plant growth regulator was analyzed using a novel non-
parametric method. A detailed description of the new method, with simulation results, power analysis and
theoretical foundations, is provided at https://arxiv.org/abs/1611.04619. Briefly, we use bootstrap sampling
to compare all pairwise subsamples and determine whether a stress combination’s values are higher, lower or
equal. This allows us to detect differences in the trend of the response between two plant growth regulators;
multiple pairwise comparisons then identify significant contrasts between treatments. The method was
designed for short-series data with zero-inflated observations.

RESULTS

QTL Overlaps

The set of chromosomal loci for hormone-related genes and the loci identified as important for multiple-stress
plant traits overlapped significantly (P=0.001). A overview map of the loci is available in supplemental Figure
1.

Factorial Seed Weight Responses to Stress and Plant Growth Regulators

The overall pattern of reduced seed weight was non-linear, with the best-fit distribution a spline rather than
a normal distribution; test of linear fit gave an R-squared of 0.17 as compared to the spline-fit R-squared
of 0.34 (data not shown). We note that, overall, the seed weight of the drought low-nitrogen treatment was
higher than the full-water low nitrogen treatment, indicating that these stresses combined in a nonlinear
way in our experiment. Genotypes CML103 and Mo360 exhibited significantly reduced seed weight when
exposed to increased abiotic and biotic stress and stress combinations without growth regulator (Fig. 4a,
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Fig. 11a, Supplemental Results File 1 for factor estimates and all P-values); all other genotypes exhibited no
significant effect of abiotic-biotic stress on seed weight. Plant height, tassel architecture and cob diameter
traits show the same general trends as seed weight (Stutts , 2014).

For each genotype we analyzed the effect of plant growth regulators and stress factors (Figures 2-11). The
effect of stress and growth regulator was specific to the genotype examined, so we discuss each genotype
individually below; for some genotypes there were both positive and negative effects on seed weight in some
stress-chemical combinations while other genotypes had more uniform responses to chemical treatment.

B73 In the B73 genotype (Figure 2) we saw significant increases and decreases in seed weight with plant
growth regulator treatment. Specifically, PCZ increased the sensitivity of this inbred to drought and low
nitrogen, decreasing seed weight, but increased the seed weight in the combined drought-low nitrogen plot
(Fig. 2e). This low-nitrogen amelioration of drought yield depression is a common response pattern in
commercial genotypes. The UCN treatment in B73 generated an increased seed weight only in the low-
nitrogen-fertilizer and dense spacing plot (Fig. 2f).

Mo17 The Mo17 inbred genotype seed weight was not strongly affected by abiotic and biotic stress (Fig.
3a). Application of PAC exaggerates the effect of low nitrogen and high density applied together (Fig. 3c),
resulting in significantly lower seed weights. This PAC-sensitivity was no longer detectable when PAC and
GA were applied together (Fig. 3d). The effect of combining low-nitrogen conditions, drought, and PAC
plus GA resulted in significantly increased seed weights (Fig. 3d), which were not apparent in the individual
stress plots or plant growth regulator treatments (Fig. 3b, c).

CML103 Decreases in seed weight under low nitrogen conditions were observed in CML103 (Fig. 4a) and
those decreases were unaffected by GA or PAC (Fig. 4b, c). However, there was no significant decrease in
the other plant growth regulator treatments, likely due to an increase in the variance of seed weight that is
visible and longer standard error bars in Fig. 4d, e and f.

Oh7b Inbred Oh7B shows no significant reduction in seed weight under abiotic and biotic stress (fig. 5a),
grouping this genotype with B73 and Mo17 and contrasting these three genotypes with the low-nitrogen
sensitivity of CML103. In the GA treatment, Oh7b seed weights declined in low nitrogen conditions. This
decline was not observed in PAC (Fig. 4c), but was still present in PACGA (Fig. 5d). Thus, in this genotype
the sensitivity to low nitrogen conferred by GA is independent. Treatment with PCZ also exaggerates the
decline in seed weight under low nitrogen (Fig. 4e). There was a density-PAC interaction, with PAC
treatment conferring increased sensitivity to high plant density and density under drought (Fig. 4c).

LH132 In the ex-plant-variety-protection inbred LH132 the effect of low nitrogen was most prominent, with
significant decline in seed weight in the low-nitrogen PAC and low-nitrogen PCZ treatments (Fig. 6c, e). A
dependence on nitrogen input might be expected for an inbred selected for good performance under high-
input modern agronomic conditions. There is no significant drought or combined stress effect on seed weight
in any plant growth regulator treatment, again supporting a history of selection for insensitivity to common
uncontrolled environmental conditions and the new agronomic norm of high plant density in this genotype.

Mo017 In the IBM RIL Mo017 the no-plant-growth-regulator exhibited no change in seed weight across
stress treatments (Fig. 7a). The PAC treatment conferred additional resistance to drought, however, with
a significant increase in seed weight (Fig. 7c). A seed weight increase was not detectable in GA or PACGA
treatments, suggesting that GA over-rides the beneficial effect of PAC under drought conditions.

Mo0276 RIL Mo276 exhibited an increased seed weight in the triple-stress condition when GA was applied
(Fig. 8b). The PAC treatment resulted in lower seed weight in low nitrogen (Fig. 8c). In the PACGA
combined treatment, both the positive GA effect and the negative PAC effect were lost, thus suggesting that
the PAC and GA pathways interact in this genotype.

Mo287 In the Mo287 RIL, the PAC treatment resulted in decreased seed weight in drought and low-nitrogen
conditions, with a synergistic increase in seed weight in combined drought and low-nitrogen(Fig. 9c). This
genotype plus PAC thus recreate a typical agronomic nonlinear pattern of stress response.
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Mo352 In IBM94 RIL Mo352 (Fig. 10) low nitrogen has a more deleterious effect on seed weight in the
presence of PAC, PACGA, and PCZ (Fig 10 c, d, and e). Drought also conferred lower seed weight in the
PCZ-treated plants (Fig. 10 e).

Mo360 In RIL Mo360, the control no-hormone stress treatments exhibited a higher seed weight at high
density and a lower seed weight at high density with drought (Fig. 11a). This effect was not observed in
any of the plant growth regulator treatments (Fig 11b-f), suggesting that regulator treatment reduced stress
effects on seed weight. The PACGA treatment resulted in a lower seed weight in the low-nitrogen and high
density stress setting (Fig. 11d).

Genotype-Regulator Combinations with Positive Effects on Seed Weight

While the majority of the significant stress effects on seed weight were negative, with lower seeds weights in
the presence of drought and low nitrogen, there were a few combination with increased seed mass. Relative
to the control plants with no hormone treatment, some growth regulators were able increase seed weights.
In B73 both UCN and PCZ conferred increased seed weight in combined stress conditions (Fig. 1 e and
f). For inbred Mo17, PAC plus GA treatment had significantly higher seed weights in the low-nitrogen and
drought combined stress condition (Fig. 2d). In four of the six RILs, there were positive estimated effects;
specifically, Mo017 PAC in drought (Fig. 7c), Mo276 GA triple stress (Fig. 8b), Mo287 PAC low-nitrogen
plus drought (Fig. 9c), and finally, Mo360 high density with no growth regulator (Fig. 11a).

Comparisons Across Genotypes

Comparison of experiment-wise significant effect directions across all genotypes (Fig. 2-11 two-asterisk bars)
resulted in a set of twelve significantly lowered seed weights and three increased seed weight effects. PAC
contributed to both increased and decreased seed weight interactions across all genotypes, while GA and
UCN were only found to have positive effects on seed weights. PCZ effects were always in the direction
of decreased seed weight. Comparison of B73 and Mo17 parental inbreds to RILs suggested that a variety
of effects could segregate into offspring and thus the genetic architecture of the response may be complex.
There was one experiment-wise-significant effect (a decline in seed weight in the PAC plus low-nitrogen
combination) that was found in two of the RILs - Mo287 and Mo352.

Stress Pattern Differences

As our main interest is in the comparison of the pattern of plant growth regulator effects on seed weight
under abiotic and biotic stress, we developed (cite Yishi’s proof paper here) and applied a novel all-pairwise
non-parametric method for comparison of trends in seed weight across stress levels and between growth
regulator treatments. We found six significant differences in the pattern of weight change as increasing
levels of stress and plant growth regulators were applied (Fig. 12). In Fig. 12, stress levels are indicated
with low levels on the left of the graph x-axes, to contrast with our factorial analysis (Figs. 2-11). Inbred
B73 exhibited significant differences in seed weight in the GA growth regulator treatment as compared to
the PACGA treatment (Fig. 12a), with the PACGA treatment conferring a more sigmoidal pattern with a
stronger contrast between high and low nitrogen levels.

The next five trend differences (Fig. 12 b-f) were more complex than B73, with both increased and decreased
seed weight across the combinations. Each genotype with a significant effect had a different pattern of
response (Fig. 12 b-f). The PAC and PACGA treatments were significantly different in seed weight in
both Mo276 and Mo298 (Fig. 12 c, e), though the pattern of response was shaped differently in those two
genotypes. CML103 (Fig. 12 b) and Mo352 (Fig 12f) exhibited significant differences in pattern with PCZ;
there was no significant trend in any genotype with a UCN treatment.

This nonparametric trend analysis provides a complementary view of data trends when compared to our
factorial LASSO analysis. For example, trend analysis indicated that PAC and PACGA were different in
Mo298, while there were no significant effects detected in this genotype in the factorial LASSO analysis. The
trend analysis highlights nonlinear responses that may be of use in planning selection schemes; for example,
in CML103 the PCZ treatment ameliorated the loss of seed weight under high stress relative to the GA
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treatment, at the cost of overall equivalent seed weight under optimum conditions (Fig. 12b). In the Mo352
genotype, the PACGA treatment gave maximum seed weights under regular density and low nitrogen, while
in high density and low nitrogen the PCZ treatment exhibited higher kernel weight (Fig. 12f). Another
example of such a crossover interaction is in the Mo287 genotype, with GA treatment showing a crossover
interaction with control no-hormone when low-nitrogen regular spacing full water is compared to standard-
nitrogen regular spacing full water (Fig. 12d). Comparison of trends in this way might allow custom plant
growth regulator recommendations that incorporate weather trends.

DISCUSSION

As expected, we observed significant differences between plant trait means in different stress environments,
with relatively small effects of abiotic and density stress on seed weight and more substantial effects on plant
height (Stutts, 2014). High density planting has been shown to increase biomass for certain traits in corn
(Murphy et al., 1996), which is consistent with our observations of plant height (Stutts, 2014). The mid-
range effects of abiotic stress on seed weights provided us with the ability to detect both exaggerated abiotic
and combination stress effects with plant growth regulator treatment and reduced, ameliorating effects of
the chemical application. We used prior information on plant heights in nitrogen and drought to classify
genotypes for inclusion in our experiment, and all but one were consistent with their prior classification,
even though we changed to use of seed weights as the focal trait.

Our observation of the specificity of genotype-stress-plant growth regulator interactions is consistent with
results using a different experimental design and commercial hybrid genotypes (Ruffo et al., 2015). In the
Ruffo et al. work commercial hybrids were classified into two groups, those responsive to high inputs and
those with uniform performance across a range of inputs. The high-input-optimal group equivalent in our
experiment would be genotype B73, which exhibited a strong positive response to plant growth regulator
treatment in several plant growth regulator-stress environments. Differences in plant traits were observed
between group means for genotypes, as expected. In our study we focused on differences within genotypes,
across different stress combinations. For example, the group of genotypes that fared significantly better in
the control environment did not consistently respond optimally in other environments; these are consistent
with the Ruffo et al. 2015 ‘uniform’ genotype group. This reflects results in other studies, which have
reported a significant interaction between genotype and environment (Nzuve et al., 2013). A significant
interaction between genotype and environment informs us that the effects of genotype are not consistent
across all levels of environmental stress, and that in return, stress combination does not have identical effects
on different genotypes.

We observed significant differences between trait means of plants given differing hormone treatments. Plant
growth regulator treatment in some cases ameliorated the effects of combined stress on plants. It was
predicted that exogenous hormone application would affect plant response to stress combination, as it has
been shown that abiotic stressors cause changes in endogenous hormone levels in maize (Pirasteh-Anosheh
et al., 2013) and plant growth regulators are in common use in production settings. The effects of hormone
treatment were not, however, identical in different stress environments in this study. The resultant phenotypic
changes varied between positive and negative, depending on stress combination. For example, exogenous
gibberellic acid treatment did not have the same effects on nitrogen-stressed plants that it did on plants in
other environments.

The results of this study indicate that plant hormones do play a role in response to combined stresses.
Furthermore, it shows us that hormone balance does not have consistent effects on phenotype across all
levels of genotype and environment. When targeting plant hormone balance, we must also consider genotype
and environment to predict plant growth effects. Beneficial future work would include investigation into how
hormone balance affects combined-stress response at the molecular level. The discovery and manipulation
of hormone-responsive genes important in various stress combinations could have implications for the plant
breeding industry.

SUPPLEMENTARY DATA
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Supplemental Figure 1 multiple-stress QTL results.png Map of QTL bin positions and overlap of
hormone-related Zea mays genes.

Supplemental File 1 EnvTreat seedweight zeros.csv Seed weight data.

Supplemental File 2METADATA for EnvTreat seedeight zeros.txt Column header, unit and cell
information for interpretation of Supplemental File 1 data.

Supplemental ResultsFile1a controlnohormone byLine stressfactorial.docx Full output from LASSO
analysis for the no-hormone treatment.

Supplemental ResultsFile1b GAonly byLine lasso stressfactorial.docx Full output from LASSO
analysis for the gibberellic acid treatment.

Supplemental ResultsFile1c PAConly lasso byline stressfactorial.docx Full output from LASSO
analysis for the pacbutrazol treatment.

Supplemental ResultsFile1d PCZlasso byline stressfactorial.docx Full output from LASSO analysis
for the propiconazole treatment.

Supplemental ResultsFile1e PACGAlasso byline stressfactorial.docx Full output from LASSO anal-
ysis for the no-hormone treatment.

Supplemental ResultsFile1f UCNlasso byline stressfullfactorial.docx Full output from LASSO anal-
ysis for the uniconazole treatment.

Supplemental Table1 nonparametric pattern output.docx Full output from the R code for our novel
non-parametric trend analysis.
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Figure 1: Figure 1 Field layout, with eight stress sections (Fig. 1a), twelve genotypes replicated five times
in each stress section (colored bars in Fig. 1b), and six hormone treatments given in each genotype section
(colored dots in Fig. 1b).
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Figure 2: Figure 2 Lasso seed weight effect estimates on the original parameter scale (colored bars) and
standard errors (black lines within bars) are plotted for each plant growth regulator and abiotic-biotic stress
combination in genotype B73. Estimates shrunk to zero are not listed, which non-significant estimates are
indicated as faded-color bars. Estimates significant after multiple–comparison Bonferroni correction within
lines are indicated with single asterisks (*) and estimates significant after experiment-wise correction are
indicated with two asterisks (**). a) Lasso parameter estimates for the control plants that were not treated
with plant growth regulators. b) Lasso parameter estimates for plants treated with gibberellic acid (GA).
c) Lasso parameter estimates for plants treated with paclobutrazol (PAC). d) Lasso parameter estimates for
plants treated with both GA and PAC simultaneously. e) Lasso parameter estimates for plants treated with
propiconazole (PCZ). f) Lasso parameter estimates for plants treated with uniconazole (UCN).
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Figure 3: Figure 3 Lasso seed weight effect estimates on the original parameter scale (colored bars) and
standard errors (black lines within bars) are plotted for each plant growth regulator and abiotic-biotic stress
combination in genotype Mo17. Estimates shrunk to zero are not listed, which non-significant estimates are
indicated as faded-color bars. Estimates significant after multiple–comparison Bonferroni correction within
lines are indicated with single asterisks (*) and estimates significant after experiment-wise correction are
indicated with two asterisks (**). a) Lasso parameter estimates for the control plants that were not treated
with plant growth regulators. b) Lasso parameter estimates for plants treated with gibberellic acid (GA).
c) Lasso parameter estimates for plants treated with paclobutrazol (PAC). d) Lasso parameter estimates for
plants treated with both GA and PAC simultaneously. e) Lasso parameter estimates for plants treated with
propiconazole (PCZ). f) Lasso parameter estimates for plants treated with uniconazole (UCN).
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Figure 4: Figure 4 Lasso seed weight effect estimates on the original parameter scale (colored bars) and
standard errors (black lines within bars) are plotted for each plant growth regulator and abiotic-biotic stress
combination in genotype CML103. Estimates shrunk to zero are not listed, which non-significant estimates
are indicated as faded-color bars. Estimates significant after multiple–comparison Bonferroni correction
within lines are indicated with single asterisks (*) and estimates significant after experiment-wise correction
are indicated with two asterisks (**). a) Lasso parameter estimates for the control plants that were not
treated with plant growth regulators. b) Lasso parameter estimates for plants treated with gibberellic
acid (GA). c) Lasso parameter estimates for plants treated with paclobutrazol (PAC). d) Lasso parameter
estimates for plants treated with both GA and PAC simultaneously. e) Lasso parameter estimates for plants
treated with propiconazole (PCZ). f) Lasso parameter estimates for plants treated with uniconazole (UCN).
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Figure 5: Figure 5 Lasso seed weight effect estimates on the original parameter scale (colored bars) and
standard errors (black lines within bars) are plotted for each plant growth regulator and abiotic-biotic stress
combination in genotype Oh7b. Estimates shrunk to zero are not listed, which non-significant estimates are
indicated as faded-color bars. Estimates significant after multiple–comparison Bonferroni correction within
lines are indicated with single asterisks (*) and estimates significant after experiment-wise correction are
indicated with two asterisks (**). a) Lasso parameter estimates for the control plants that were not treated
with plant growth regulators. b) Lasso parameter estimates for plants treated with gibberellic acid (GA).
c) Lasso parameter estimates for plants treated with paclobutrazol (PAC). d) Lasso parameter estimates for
plants treated with both GA and PAC simultaneously. e) Lasso parameter estimates for plants treated with
propiconazole (PCZ). f) Lasso parameter estimates for plants treated with uniconazole (UCN).
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Figure 6: Figure 6 Lasso seed weight effect estimates on the original parameter scale (colored bars) and
standard errors (black lines within bars) are plotted for each plant growth regulator and abiotic-biotic stress
combination in genotype LH132. Estimates shrunk to zero are not listed, which non-significant estimates are
indicated as faded-color bars. Estimates significant after multiple–comparison Bonferroni correction within
lines are indicated with single asterisks (*) and estimates significant after experiment-wise correction are
indicated with two asterisks (**). a) Lasso parameter estimates for the control plants that were not treated
with plant growth regulators. b) Lasso parameter estimates for plants treated with gibberellic acid (GA).
c) Lasso parameter estimates for plants treated with paclobutrazol (PAC). d) Lasso parameter estimates for
plants treated with both GA and PAC simultaneously. e) Lasso parameter estimates for plants treated with
propiconazole (PCZ). f) Lasso parameter estimates for plants treated with uniconazole (UCN).
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Figure 7: Figure 7 Lasso seed weight effect estimates on the original parameter scale (colored bars) and
standard errors (black lines within bars) are plotted for each plant growth regulator and abiotic-biotic stress
combination in genotype IBMRIL Mo017. Estimates shrunk to zero are not listed, which non-significant
estimates are indicated as faded-color bars. Estimates significant after multiple–comparison Bonferroni
correction within lines are indicated with single asterisks (*) and estimates significant after experiment-wise
correction are indicated with two asterisks (**). a) Lasso parameter estimates for the control plants that were
not treated with plant growth regulators. b) Lasso parameter estimates for plants treated with gibberellic
acid (GA). c) Lasso parameter estimates for plants treated with paclobutrazol (PAC). d) Lasso parameter
estimates for plants treated with both GA and PAC simultaneously. e) Lasso parameter estimates for plants
treated with propiconazole (PCZ). f) Lasso parameter estimates for plants treated with uniconazole (UCN).
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Figure 8: Figure 8 Lasso seed weight effect estimates on the original parameter scale (colored bars) and
standard errors (black lines within bars) are plotted for each plant growth regulator and abiotic-biotic stress
combination in genotype IBMRIL Mo276. Estimates shrunk to zero are not listed, which non-significant
estimates are indicated as faded-color bars. Estimates significant after multiple–comparison Bonferroni
correction within lines are indicated with single asterisks (*) and estimates significant after experiment-wise
correction are indicated with two asterisks (**). a) Lasso parameter estimates for the control plants that were
not treated with plant growth regulators. b) Lasso parameter estimates for plants treated with gibberellic
acid (GA). c) Lasso parameter estimates for plants treated with paclobutrazol (PAC). d) Lasso parameter
estimates for plants treated with both GA and PAC simultaneously. e) Lasso parameter estimates for plants
treated with propiconazole (PCZ). f) Lasso parameter estimates for plants treated with uniconazole (UCN).

19

.CC-BY-NC 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted November 17, 2016. ; https://doi.org/10.1101/088195doi: bioRxiv preprint 

https://doi.org/10.1101/088195
http://creativecommons.org/licenses/by-nc/4.0/


w
a

te
r

fe
rt

ili
ze

r

w
a

te
r*

fe
rt

ili
z
e

r

sp
a

ci
n

g

w
a

te
r*

sp
a

ci
n

g

fe
rt

ili
ze

r*
sp

a
ci

n
g

w
a

te
r*

fe
rt

ili
ze

r*
sp

a
ci

n
g

-0.32
-0.30
-0.28
-0.26
-0.24
-0.22
-0.20
-0.18
-0.16
-0.14
-0.12
-0.10
-0.08
-0.06
-0.04
-0.02
0.00
0.02

e
s
ti
m

a
te

d
 s

e
e

d
 w

e
ig

h
t 

(g
)

w
a

te
r

fe
rt

ili
ze

r

w
a

te
r*

fe
rt

ili
z
e

r

sp
a

ci
n

g

w
a

te
r*

sp
a

ci
n

g

fe
rt

ili
ze

r*
sp

a
ci

n
g

w
a

te
r*

fe
rt

ili
ze

r*
sp

a
ci

n
g

-0.16

-0.14

-0.12

-0.10

-0.08

-0.06

-0.04

-0.02

0.00

0.02

e
s
ti
m

a
te

d
 s

e
e

d
 w

e
ig

h
t 

(g
)

w
a

te
r

fe
rt

ili
ze

r

w
a

te
r*

fe
rt

ili
z
e

r

sp
a

ci
n

g

w
a

te
r*

sp
a

ci
n

g

fe
rt

ili
ze

r*
sp

a
ci

n
g

w
a

te
r*

fe
rt

ili
ze

r*
sp

a
ci

n
g

0.0

0.2

0.4

0.6

0.8

1.0

e
s
ti
m

a
te

d
 s

e
e

d
 w

e
ig

h
t 

(g
)

w
a

te
r

fe
rt

ili
ze

r

w
a

te
r*

fe
rt

ili
z
e

r

sp
a

ci
n

g

w
a

te
r*

sp
a

ci
n

g

fe
rt

ili
ze

r*
sp

a
ci

n
g

w
a

te
r*

fe
rt

ili
ze

r*
sp

a
ci

n
g

0.0

0.2

0.4

0.6

0.8

1.0

e
s
ti
m

a
te

d
 s

e
e

d
 w

e
ig

h
t 

(g
)

w
a

te
r

fe
rt

ili
ze

r

w
a

te
r*

fe
rt

ili
z
e

r

sp
a

ci
n

g

w
a

te
r*

sp
a

ci
n

g

fe
rt

ili
ze

r*
sp

a
ci

n
g

w
a

te
r*

fe
rt

ili
ze

r*
sp

a
ci

n
g

0.0

0.2

0.4

0.6

0.8

1.0

e
s
ti
m

a
te

d
 s

e
e

d
 w

e
ig

h
t 

(g
)

w
a

te
r

fe
rt

ili
ze

r

w
a

te
r*

fe
rt

ili
z
e

r

sp
a

ci
n

g

w
a

te
r*

sp
a

ci
n

g

fe
rt

ili
ze

r*
sp

a
ci

n
g

w
a

te
r*

fe
rt

ili
ze

r*
sp

a
ci

n
g

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

e
s
ti
m

a
te

d
 s

e
e

d
 w

e
ig

h
t 

(g
)

a) control no-hormone b) GA

c) PAC d) PACGA

e) PCZ
f) UCN

*

*

*

*

*

*

Mo287

Figure 9: Figure 9 Lasso seed weight effect estimates on the original parameter scale (colored bars) and
standard errors (black lines within bars) are plotted for each plant growth regulator and abiotic-biotic stress
combination in genotype IBMRIL Mo287. Estimates shrunk to zero are not listed, which non-significant
estimates are indicated as faded-color bars. Estimates significant after multiple–comparison Bonferroni
correction within lines are indicated with single asterisks (*) and estimates significant after experiment-wise
correction are indicated with two asterisks (**). a) Lasso parameter estimates for the control plants that were
not treated with plant growth regulators. b) Lasso parameter estimates for plants treated with gibberellic
acid (GA). c) Lasso parameter estimates for plants treated with paclobutrazol (PAC). d) Lasso parameter
estimates for plants treated with both GA and PAC simultaneously. e) Lasso parameter estimates for plants
treated with propiconazole (PCZ). f) Lasso parameter estimates for plants treated with uniconazole (UCN).

20

.CC-BY-NC 4.0 International licenseunder a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available 

The copyright holder for this preprint (which wasthis version posted November 17, 2016. ; https://doi.org/10.1101/088195doi: bioRxiv preprint 

https://doi.org/10.1101/088195
http://creativecommons.org/licenses/by-nc/4.0/


w
a

te
r

fe
rt

ili
ze

r

w
a

te
r*

fe
rt

ili
z
e

r

sp
a

ci
n

g

w
a

te
r*

sp
a

ci
n

g

fe
rt

ili
ze

r*
sp

a
ci

n
g

w
a

te
r*

fe
rt

ili
ze

r*
sp

a
ci

n
g

-0.4

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

0.4

0.5

e
s
ti
m

a
te

d
 s

e
e

d
 w

e
ig

h
t 

(g
)

w
a

te
r

fe
rt

ili
ze

r

w
a

te
r*

fe
rt

ili
z
e

r

sp
a

ci
n

g

w
a

te
r*

sp
a

ci
n

g

fe
rt

ili
ze

r*
sp

a
ci

n
g

w
a

te
r*

fe
rt

ili
ze

r*
sp

a
ci

n
g

-0.12

-0.10

-0.08

-0.06

-0.04

-0.02

0.00

e
s
ti
m

a
te

d
 s

e
e

d
 w

e
ig

h
t 

(g
)

w
a

te
r

fe
rt

ili
ze

r

w
a

te
r*

fe
rt

ili
z
e

r

sp
a

ci
n

g

w
a

te
r*

sp
a

ci
n

g

fe
rt

ili
ze

r*
sp

a
ci

n
g

w
a

te
r*

fe
rt

ili
ze

r*
sp

a
ci

n
g

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

0.4

e
s
ti
m

a
te

d
 s

e
e

d
 w

e
ig

h
t 

(g
)

w
a

te
r

fe
rt

ili
ze

r

w
a

te
r*

fe
rt

ili
z
e

r

sp
a

ci
n

g

w
a

te
r*

sp
a

ci
n

g

fe
rt

ili
ze

r*
sp

a
ci

n
g

w
a

te
r*

fe
rt

ili
ze

r*
sp

a
ci

n
g

-0.16

-0.14

-0.12

-0.10

-0.08

-0.06

-0.04

-0.02

0.00

0.02

e
s
ti
m

a
te

d
 s

e
e

d
 w

e
ig

h
t 

(g
)

w
a

te
r

fe
rt

ili
ze

r

w
a

te
r*

fe
rt

ili
z
e

r

sp
a

ci
n

g

w
a

te
r*

sp
a

ci
n

g

fe
rt

ili
ze

r*
sp

a
ci

n
g

w
a

te
r*

fe
rt

ili
ze

r*
sp

a
ci

n
g

-0.14

-0.12

-0.10

-0.08

-0.06

-0.04

-0.02

0.00

e
s
ti
m

a
te

d
 s

e
e

d
 w

e
ig

h
t 

(g
)

w
a

te
r

fe
rt

ili
ze

r

w
a

te
r*

fe
rt

ili
z
e

r

sp
a

ci
n

g

w
a

te
r*

sp
a

ci
n

g

fe
rt

ili
ze

r*
sp

a
ci

n
g

w
a

te
r*

fe
rt

ili
ze

r*
sp

a
ci

n
g

-0.16

-0.14

-0.12

-0.10

-0.08

-0.06

-0.04

-0.02

0.00

0.02

e
s
ti
m

a
te

d
 s

e
e

d
 w

e
ig

h
t 

(g
)

a) control no-hormone b) GA

c) PAC d) PACGA

e) PCZ f) UCN

*

*

*

*

*

Mo352

Figure 10: Figure 10 Lasso seed weight effect estimates on the original parameter scale (colored bars) and
standard errors (black lines within bars) are plotted for each plant growth regulator and abiotic-biotic stress
combination in genotype IBMRIL Mo352. Estimates shrunk to zero are not listed, which non-significant
estimates are indicated as faded-color bars. Estimates significant after multiple–comparison Bonferroni
correction within lines are indicated with single asterisks (*) and estimates significant after experiment-wise
correction are indicated with two asterisks (**). a) Lasso parameter estimates for the control plants that were
not treated with plant growth regulators. b) Lasso parameter estimates for plants treated with gibberellic
acid (GA). c) Lasso parameter estimates for plants treated with paclobutrazol (PAC). d) Lasso parameter
estimates for plants treated with both GA and PAC simultaneously. e) Lasso parameter estimates for plants
treated with propiconazole (PCZ). f) Lasso parameter estimates for plants treated with uniconazole (UCN).
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Figure 11: Figure 11 Lasso seed weight effect estimates on the original parameter scale (colored bars) and
standard errors (black lines within bars) are plotted for each plant growth regulator and abiotic-biotic stress
combination in genotype IBMRIL Mo360. Estimates shrunk to zero are not listed, which non-significant
estimates are indicated as faded-color bars. Estimates significant after multiple–comparison Bonferroni
correction within lines are indicated with single asterisks (*) and estimates significant after experiment-wise
correction are indicated with two asterisks (**). a) Lasso parameter estimates for the control plants that were
not treated with plant growth regulators. b) Lasso parameter estimates for plants treated with gibberellic
acid (GA). c) Lasso parameter estimates for plants treated with paclobutrazol (PAC). d) Lasso parameter
estimates for plants treated with both GA and PAC simultaneously. e) Lasso parameter estimates for plants
treated with propiconazole (PCZ). f) Lasso parameter estimates for plants treated with uniconazole (UCN).
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