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Abstract
Drought is a common abiotic stress which significantly limits global crop produc-
tivity. Maize is an important staple crop and its yield is determined by successful 
development of the female inflorescence, the ear. We investigated drought stress 
responses across several developmental stages of the maize B73 inbred line under 
field conditions. Drought suppressed plant growth, but had little impact on pro-
gression through developmental stages. While ear growth was suppressed by 
drought, the process of spikelet initiation was not significantly affected. Tassel 
growth was reduced to a lesser extent compared to the observed reduction in ear 
growth under stress. Parallel RNA-seq profiling of leaves, ears, and tassels at sev-
eral developmental stages revealed tissue-specific differences in response to 
drought stress. High temperature fluctuation was an additional environmental 
factor that also likely influenced gene expression patterns in the field. Drought 
induced significant transcriptional changes in leaves and ears but only minor 
changes in the tassel. Additionally, more genes were drought responsive in ears 
compared to leaves over the course of drought treatment. Genes that control DNA 
replication, cell cycle, and cell division were significantly down-regulated in 
stressed ears, which was consistent with inhibition of ear growth under drought. 
Inflorescence meristem genes were affected by drought to a lesser degree which 
was consistent with the minimal impact of drought on spikelet initiation. In con-
trast, genes that are involved in floret and ovule development were sensitive to 
stress, which is consistent with the detrimental effect of drought on gynoecium 
development and kernel set.
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1  | INTRODUC TION

Drought is the most common abiotic stress limiting global crop 
productivity (Boyer et al., 2013). Exceptionally severe drought 
conditions occur in approximately 25-year cycles, but almost every 
crop growing season has periods of mild to moderate dry condi-
tions (Mallya, Zhao, Song, Niyogi, & Govindaraju, 2013). The 2012 
North American drought significantly reduced yield of all crops, 
with maize experiencing the greatest yield loss (Mallya et al., 
2013). Developing maize hybrids with enhanced drought tolerance 
either through conventional breeding (Cooper, Gho, Leafgren, 
Tang, & Messina, 2014) or biotechnology (Deikman, Petracek, 
& Heard, 2012; Habben et al., 2014; Mittler & Blumwald, 2010; 
Shi et al., 2015) is a goal of many maize improvement programs. 
Understanding the underlying physiological and genetic processes 
controlling maize reproductive development under water-limited 
conditions is crucial to this goal.

Among the major cereal crops, maize is the only monoecious 
plant bearing unisexual flowers. The male inflorescence, or tassel, 
develops from the shoot apical meristem at the top of the plant, 
whereas the female inflorescence, or ear, develops from lateral 
meristems in the axil of leaves. The initial steps of development 
in both inflorescences are very similar; however, sex related dif-
ferences appear at later developmental stages (Cheng, Greyson, & 
Walden, 1983). The basic unit of the ear inflorescence is the pistil-
late spikelet, composed of a floret subtended by a pair of glumes. 
Development of the ear is defined by several meristem transi-
tions starting with spikelet pair meristems (SPMs) arising from the 
flanks of each inflorescence meristem (IM). Each SPM gives rise 
to two spikelet meristems (SMs) which terminate as a floral meri-
stem (FM) (Cheng et al., 1983; Tanaka, Pautler, Jackson, & Hirano, 
2013). The FM produces different organ primordia, including the 
gynoecium (female reproductive structure) which terminates in 
formation of an ovary composed of the embryo sac and the silk, a 
stigmatic structure. The ear is protected by several layers of husks, 
which are modified leaves. When silks exert from the husk, the 
female flowers are fertilized by pollen shed from the tassel and 
kernel development commences.

In the US Corn Belt the most severe consequences of drought 
occur at flowering time (Shaw, 1977) and result in multiple detri-
mental effects on the female inflorescence and to a lesser extent 
negative effects on the male inflorescence (Herrero & Johnson, 
1980a). Silk elongation is dramatically reduced under limited water 
conditions due to a reduction in cell division and cell expansion 
(Fuad-Hassan, Tardieu, & Turc, 2008). The delay of silk extrusion 
results in a longer ASI (anthesis to silking interval) and can reduce 
pollination efficiency (Araus, Serret, & Edmeades, 2012). Even 
short periods of water deficits can lead to abnormalities in em-
bryo sac development (Moss & Downey, 1971), as well as zygotic 
and early kernel abortion (Schussler & Westgate, 1990). For these 
reasons drought conditions occurring just before and shortly after 
pollination have the most profoundly negative effect on kernel 
set and final grain yield (Araus et al., 2012). In contrast, drought 

episodes during the grain filling period typically have a less severe 
impact on yield (Barker et al., 2005).

Despite the importance of maize ear growth and development 
under drought conditions, molecular and genomic data for this organ 
are surprisingly limited. Several RNA profiling expression studies 
under drought conditions have been conducted on maize seedlings 
or leaves (Avramova et al., 2015; Badicean, Scholten, & Jacota, 2011; 
Fernandes, Morrow, Casati, & Walbot, 2008; Shan et al., 2013; Yue, 
Zhuang, Li, Sun, & Zhang, 2008; Zheng et al., 2010). There are re-
ports on the drought stress response in maize reproductive tissues 
including pre-pollinated ears (Zinselmeier et al., 2002), ears, and silks 
(Li et al., 2007; Zhuang et al., 2007), as well as ovaries and devel-
oping kernels (Kakumanu et al., 2012; Luo, Liu, Lee, Scully, & Guo, 
2010; Marino et al., 2009). Most of these studies were conducted in 
a controlled environment and led to important discoveries of stress 
response in maize. However controlled environments lack fluctu-
ating meteorological conditions such as solar radiation, heat, wind, 
and vapor pressure deficit, which play key roles in plant growth and 
development. The complexity of natural environments emphasizes 
the importance of conducting drought experiments in the field 
(Blum, 2014). To address this issue, we designed and conducted two 
drought stress experiments under field conditions. The first exper-
iment was located at Woodland, California (USA), which has been 
developed as a managed-stress environment for phenotyping the 
drought response of maize (Campos, Cooper, Habben, Edmeades, 
& Schussler, 2004). Drought stress was imposed over 1 month with 
the maximum intensity of stress occurring around flowering time. A 
second experiment was conducted in Johnston, Iowa (USA), within 
the Corn Belt region. Drought conditions were created by growing 
maize in pots located in the field and precisely limiting water ap-
plication. For both experiments, we collected vegetative and repro-
ductive phenology data to understand the tissue specific response 
to drought stress.

To complement the observations of phenotypic responses, RNA-
seq profiling of leaves, ears, and tassels was conducted to deter-
mine relative differences in transcriptomic responses between fully 
irrigated and drought stressed plants. Overall, these field drought 
experiments revealed a tissue specific response to stress at both 
the phenotypic and transcriptional levels, as well as significant flex-
ibility of gene expression in response to changing environmental 
conditions.

2  | MATERIAL S AND METHODS

2.1 | Experimental design and drought stress 
management in the field at Woodland, CA

The B73 inbred line was used for this study because of the pub-
lic availability of the annotated reference genome (http://www.
maizegdb.org/assembly/). The initial drought field experiment was 
conducted in Woodland, CA (38° 40′N, 121° 50′W) during the sum-
mer of 2012. This location typically has no rainfall during the growing 
season and precision irrigation is provided via sub surface drip tapes. 

http://www.maizegdb.org/assembly/
http://www.maizegdb.org/assembly/
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B73 seeds were planted in 4-row plots in a randomized complete 
block design with four replications. The length of the plot was 4.4 m, 
29 plants per plot. Plant density was 82 K plants per ha. Standard 
agronomic practices were used, as described in Gaffney et al., 2015. 
Well-watered (WW) plots were fully irrigated throughout the entire 
growth cycle of the crop. In contrast, plots that were designated to 
receive the drought treatment (DRT) were fully irrigated until plants 
reached the V7–V8 stage, when irrigation was terminated for the 
remainder of the experiment. Due to the high water holding capacity 
of the soil (Yolo silt loam) at this location, plants in this drought stress 
treatment continued to develop for several weeks after the irriga-
tion was stopped. Daily high and low temperatures were obtained 
from weatherunderground.com. The nearest weather station (ID: 
KCAWOODL9) is located 3.6 miles away from the Woodland field.

2.2 | Tissue sampling for RNA-seq profiling in the 
field study

Tissues were sampled from plants of the middle two rows of each 
plot in both the WW and DRT treatments. The middle portions of 
the 10th–11th leaves from three plants were cut and these tissues 
were pooled to make a biological replicate. Leaves were sampled at 
the peak of stress in the afternoon between 14:00–15:00 p.m. from 
both well-watered and drought plots during the diurnal stress pe-
riod. Within each plot, ears of uniform size were selected and pooled 
as the biological replicate. Prior to sampling ears, shoot bags were 
used to cover exposed prophylls prior to silk emergence. For the first 
sampling at V10–V12 (designated as V12), 32 ears <0.5 cm in length 
were pooled per plot. For the second sampling at V12–V14 (desig-
nated as V14), 16 ears 0.8–1.5 cm in length were pooled per plot. 
For the third sampling at V16–V18(designated as V18), 3–4 ears that 
were 3–4 cm in length under WW and 2–3 cm in length under DRT 
were pooled per plot. For the final sampling at V18–R1(designated 
as R1), 3–4 ears that were 7–8 cm in length under WW and 3–4 cm 
in length under DRT were pooled. In the drought stressed plants, 
the R1 designation based on the timing of silk emergence in well-
watered plants, as the drought stressed ears did not exert silk be-
yond the husk at this stage. Visible silks were manually removed 
from ears at the time of sampling and whole ears were used. Tassels 
were also sampled from the same plants used for ear sampling. The 
10 cm middle section of the main tassel spike was removed for the 
tassel tissue sample. Tassels were still hidden in the whorl at the first 
(V12) and second (V14) samplings. Tassel emergence occurred at the 
third (V18) sampling. Shedding was initiated just prior to the fourth 
(R1) sampling. For all samples, tissues were immediately frozen in 
liquid nitrogen in the field.

2.3 | Experimental design and drought stress 
management in the field pot study

The second field study was conducted in Johnston, IA (41°40′N, 
93°42′W) during the summer of 2013. Plants were grown in pots that 
were arranged in double rows in wooden racks. The plant distance 

within a row was 20 cm. The row space between the two rows in the 
rack was 24 cm. The row space between racks was 110 cm. This ar-
rangement produced 26 plants per 4.4 m which is close to the num-
ber of plants in a field plot (29 plants/4.4 m). To prevent root growth 
into soil, pots were supported above the ground on the wooden 
racks. Drainage holes in pots were covered by paper towels. Pots 
were covered with plastic bags to prevent rain water entry. The pots 
were laid out in a split plot (strip-plot) design with 24 reps per stage 
equally divided between WW and DRT treatments. Square tree pots 
(Stuewe&Sons TP818) of 10 L were filled with potting soil (Fafard® 
3B mix). All pots for the DRT treatment were filled by weight with 
the same amount of soil. Water was provided to each pot via irri-
gation drip tubes and Peters® Excel fertilizer was used with a final 
N concentration of 100 ppm delivered to the plants. The fertilizer 
contained 15% N, 5% P2O5, 15% K2O, 5% Ca, 2% Mg, 0.0187% B, 
0.0187% Cu, 0.075% Fe, 0.0375% Mn, 0.0075% Mo, and 0.0375% 
Zn. Plants were grown under full irrigation until they reached the 
V7–V8 stage. Irrigation was stopped from the DRT pots until 50% of 
the plants showed obvious leaf wilting. Pots were then re-watered 
to full soil capacity. This drying/rehydration cycle was repeated 
eight times sequentially from stage V8 to R3 over the course of the 
experiment.

2.4 | Phenotypic data collection in the field 
pot study

Growth stages were defined according to the book “Corn growth 
and development” (Abendroth, Elmore, Boyer, & Marlay, 2011). 
Plant height was measured from the plant base to the collar of the 
top fully expanded leaf. Plant height and leaf number were recorded 
weekly. Pollen shed and silk emergence were recorded on a per 
plant basis. Ears were dissected from V10 to V14 in the lab and ana-
lyzed under a dissecting microscope. At the R1–R3 stages, measure-
ments were done without a microscope. Ear length was measured 
from the base to the tip. Two rows of spikelets at the opposite sides 
of the ear were counted at every stage to determine total ovaries/
kernels per row.

2.5 | Growing degree day

Growing degree day was calculated using the standard formula 
GDDC = (Tmax + Tmin)/2) − Tbase where Tmax and Tmin are the daily high 
and low temperatures (Celsius). The base temperature (Tbase) of maize 
was 10°C (Abendroth et al., 2011; Yang, Logan, & Coffey, 1995).

2.6 | Statistical analysis

A linear regression formula with R2 value (Microsoft Excel) was used 
to determine the plant growth rate, the leaf appearance rate, the 
ear elongation rate, and spikelet initiation rate. T tests were calcu-
lated using the Microsoft Excel 2015 Analysis ToolPak add-in. All 
data were analyzed with the t test: Two-Sample Assuming Equal 
Variances using a two-tail approach and a p-value of 0.01.
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2.7 | mRNA-seq library preparation and 
transcriptome data analysis

Total RNA isolation and deep cDNA sequencing was performed 
on the Illumina HiSequation 2500 system as described previously 
(Thatcher et al., 2014, 2016). The generated RPKtM (Relative parts 
per kilobase per 10 million) data matrix was visualized and analyzed 
in Genedata Analyst™ software (Genedata AG, Basel, Switzerland). 
Genedata Expressionist® for Genomic Profiling was used for RNA-
seq data analysis and visualization. Several statistical applications 
such as t test, ANOVA, linear models, and Principal Components 
Analysis (PCA) are built in this software. RPKtM values were nor-
malized base-2 logarithm before all statistical analysis. The total 
number of expressed genes was detected by mapping reads to maize 
B73 reference genome sequence V2 as described in (Thatcher et al., 
2016). One-way ANOVA analysis was performed to detect differ-
entially expressed (DE) genes at a Q-value of 1E-6 with a combined 
effect of developmental stages and drought treatment. False dis-
covery rate was corrected for by using a multiple hypothesis testing 
method (Benjamini, Drai, Elmer, Kafkafi, & Golani, 2001). A default 
of 1E-6 FDR was used for selecting of genes that are significantly 
affected by drought and stage. DE genes with a q-value of 1E-6 were 
designated as significant. PCA, a statistical procedure that models 
the variation in terms of its principal components, was used to reveal 
the impact of drought stress and developmental stage on DE genes 
by tissue. Student's t tests were applied to identify genes signifi-
cantly affected by drought stress at each of the four developmental 
stages where a false discovery rate of 1E-2 was used as a cutoff. 
The stage specific DE genes were subjected to K-means clustering 
with positive correlation distance to identify up- or down-regulated 

genes. Enriched function analysis was performed with GO Fisher's 
exact test (GOFET, p-value of 0.01) with biological processes as the 
default main ontology. GOFET is an integrated part of Transcriptome 
Data Analysis of the software package Genedata Analyst™.

2.8 | Quantitative RT-PCR

Quantitative RT-PCR amplifications were performed using TaqMan® 
probe based detection system (Applied Biosystems). The quantity 
of target genes was determined by the standard curves of cDNAs 
pooled from the tissues where the genes are highly expressed. The 
relative expression level of genes was calculated by their quanti-
fication normalized to ubiquitin 5. The processes were performed 
following the User Bulletin #2 from Applied Biosystems at http://
www3.appliedbiosystems.com/cms/groups/mcb_support/docu-
ments/generaldocuments/cms_040980.pdf.

2.9 | Accession numbers

Sequence data from this article can be found in National Center for 
Biotechnology Information Gene Expression Omnibus under acces-
sion number GSE71723.

3  | RESULTS

3.1 | Phenology of plants under well-watered and 
drought stressed conditions

The initial field experiment was conducted during the summer of 
2012 in Woodland, CA in a randomized complete block design. 

F IGURE  1 Drought stress experiment in Woodland CA, 2012. WW (a) and DRT (b) plants at 10 days after drought initiation on June 18, 
2012 at 18:00 when the high daily temperature was 40°C. DRT plants showed severe leaf wilting. Overnight DRT plants recovered from 
stress (c) June 19, 2012 at 10:30 when the low nightly temperature was 16°C. Representative ear images (d) without and with silk at the R1 
stage (WW) and DRT ear images (e) with intact silk sampled at the same time as WW ears. Scale bars are 5 cm

(d) (e)

(c)(b)(a)

http://www3.appliedbiosystems.com/cms/groups/mcb_support/documents/generaldocuments/cms_040980.pdf
http://www3.appliedbiosystems.com/cms/groups/mcb_support/documents/generaldocuments/cms_040980.pdf
http://www3.appliedbiosystems.com/cms/groups/mcb_support/documents/generaldocuments/cms_040980.pdf
info:ddbj-embl-genbank/GSE71723


     |  5DANILEVSKAYA et al.

All plots were fully irrigated until plants reached the V7–V8 stage; 
thereafter, in the drought (DRT) treatment plots irrigation was ter-
minated. The well-watered (WW) plots were fully irrigated during 
the remainder of the experiment, and no rainfall occurred during the 
treatment portion of the study (Supporting Information Figure S1). 
The first sampling was 11 days after the irrigation was terminated. 
During these first 11 days, the temperature reached a high of 40°C, 
imposing heat stress on the plants. At the first sampling (June 19th), 
no visible signs of stress were observed in the WW plots (Figure 1a). 
However, a water deficit response was observed in the DRT plots 
in the form of plant leaf rolling and leaf wilting (Figure 1b) which is 
a typical manifestation of the low leaf water potential (Fernandez & 
Castrillo, 1999). The week before the second sampling (June 27th), 
the temperature was milder, dropping to approximately 26°C. The 
temperature slowly increased after the second sampling and contin-
ued to rise during the third and fourth samplings.

Vegetative and reproductive traits were collected for plants 
grown in both treatments. Plants in the DRT treatment had a final 
height reduction in 40% compared to the WW treatment, indicating 
the severity of the stress (Table 1). Plants in the DRT treatment pro-
duced 1–2 fewer leaves than WW plants (Table 1). Leaf appearance 
rate was also slightly delayed under DRT (Table 1 and Supporting 
Information Figure S2A). Plants flowered (pollen shedding and silk 
emergence) on the same day (July 10th) in the WW plots. In contrast, 
plants in the DRT treatment shed pollen 3 days after the WW plots 
and no silk exertion was observed. DRT treatment ears were dis-
sected at the end of the experiment (July 10th) and showed minimal 
elongated silks compared to WW ears (Figure 1d,e), resulting in ears 
with no kernel set.

The length of the main tassel spike was reduced by ~20% in 
DRT plants compared to WW plants (Table 1). The ear elongation 
rate was reduced approximately 1.6-fold under DRT relative to 
WW, which resulted in 30% smaller ears under stress (Table 1 and 
Supporting Information Figure S2B). Remarkably, the final spikelet 
number per row was not statistically different between treatments. 
This observation suggests that ear elongation is more susceptible to 
drought stress than total spikelet number.

To further substantiate this observation, a precision phenotyp-
ing experiment was executed using a field pot approach (Supporting 
Information Figure S4) in Johnston, IA during the summer of 2013. In 
general, the weather was hot and dry with little precipitation during 
the experiment (Supporting Information Figure S3). The DRT treat-
ment was initiated when the plants reached the V7–V8 stage, similar 
to the Woodland experiment. When 50% of plants in the DRT treat-
ment showed obvious signs of leaf wilting, pots were re-watered to 
full soil capacity to keep the plants from dying. This dry-down/re-
hydration cycle was sequentially repeated eight times from growth 
stage V8 through R3.

Plant height and vegetative stages were recorded weekly. The 
plant growth rate, estimated by linear regression models, was de-
creased 34% in DRT plants compared to WW plants, resulting in a 
20% reduction in final plant height relative to the WW treatment 
(Table 2 and Figure 2a). The estimated leaf appearance rate was only TA
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slightly reduced under DRT (Table 2 and Figure 2b). There was no 
significant difference in final leaf number between DRT and WW 
treatments (Table 2). However, there was a significant increase in 
the anthesis silking interval (ASI) in the DRT treatment compared to 
WW (Table 2).

To investigate ear growth and development, primary ears were 
dissected at five developmental stages starting at V10 (Supporting 
Information Figure S5). Ear length and spikelet number (measured as 
the number of spikelets along the length of the ear) were recorded 
for each sampled ear (Figure 2c,d). Ear elongation rate after V14, as 
estimated by linear regression models, was decreased by twofold in 
DRT relative to WW (Table 3 and Figure 2e) which resulted in 50% 
shorter ears under DRT (Table 3 and Supporting Information Figure 
S6). This was similar to the reduction in ear length observed in the 
Woodland experiment (Table 1 and Supporting Information Figure 
S2).

Spikelet initiation plateaued around V14 under both conditions 
(Figure 2d). The estimated spikelet initiation rate before V14 was 
slightly lower under DRT, 2.13 spikelets per day, compared to 2.43 
spikelets per day for WW (Table 3 and Figure 2f). The maximum 
spikelet number was reduced by 13% under DRT, relative to WW, 
while ear length was reduced by 50%. This is consistent with the 
2012 study in Woodland. To investigate whether the spikelet num-
ber is less susceptible than ear elongation to stress in germplasm 
other than B73, we measured nine Pioneer proprietary inbred lines 
in the 2013 experiment. The results confirmed that, in general, ear 
elongation is more susceptible to DRT than ear spikelet number 
(Figure 2g,h).

Overall, the B73 response to drought stress in the field pot study 
was comparable to the Woodland field experiment, which suggested 
that the level of stress was similar in both field experiments. The DRT 
treatment began at the same developmental stages in both locations 
and the weather was fairly consistent over the course of both ex-
periments. Data from both studies demonstrated that overall plant 
growth was more sensitive to drought than progression through 
developmental stages. The same pattern was observed for the ear, 
where length was more affected by drought than spikelet initiation.

3.2 | Analysis of RNA-seq expression in leaf, 
ear, and tassel samples

To conduct RNA-seq transcription profiling, leaves, ears, and tassels 
were systematically sampled after initiation of the DRT treatment 

in the Woodland experiment (Supporting Information Figure S1). At 
the first sampling plants were at V12 (ears < 0.5 cm), followed by a 
second sampling at V14 (ears 0.8–1.5 cm). The third sampling point 
was at V18 (ears 3–4 cm under WW), followed by a final sampling at 
R1 (ears 7–8 cm under WW). No silk emerged under DRT conditions 
even though it was formed inside of the husk. Ninety-six RNA–seq 
libraries were generated and were comprised of three tissues, four 
sampling times, four biological replicates, and the two treatments 
(WW and DRT). Quality control and mapping reads to the B73 refer-
ence genome are described in a recent publication (Thatcher et al., 
2016). The total number of expressed genes was in the range of 
31,000–37,000 by tissue (Supporting Information Figure S7). The 
number of DE genes varied substantially by tissue, with leaves hav-
ing the fewest (~3,500), followed by ear (~7,000), and finally tassel 
(~20,000) (Supporting Information Figure S7).

Principal component analysis was used to identify the major ex-
perimental factors (components) accounting for all DE genes across 
tissues, developmental stages, and treatments. Leaf WW samples 
were primarily separated from DRT samples based on water treat-
ment rather than development stage, suggesting that the majority 
of DE genes were responding to the drought treatment in mature 
segments of the leaf (Figure 3a). In contrast, WW and DRT ear sam-
ples were primarily clustered by development stages rather than by 
water treatment, reflecting developmental processes occurring in 
the ears (Figure 3b). At the later stages, a treatment specific cluster-
ing began to emerge. This suggests that most DE genes in ears are 
initially driven by development, but begin to respond to treatment 
over time (Figure 3b). Virtually no treatment effect was detected in 
the tassel samples (Figure 3c) suggesting that most DE genes were 
related to development rather than a result of watering treatment.

In order to identify DE genes responding to drought, K-Means 
clustering was performed at every sampling stage for WW and DRT 
samples of each tissue with a Q-value cutoff of 1E-2 from the set 
of DE genes (Supporting Information Figure S8). K-Means cluster-
ing was well supported by four biological replicates per sampling 
(Supporting Information Figures S9-S11). The clustering was then 
used to populate Gene Ontology (GO) categories.

It is important to consider the weather pattern during the 
Woodland field experiment, which imposed heat as an additional 
stress factor to drought (Figure 4a). During the first week of 
drought stress, daily temperatures were 35⁰C to 40⁰C, exposing 
plants at the V12 sampling to not only drought stress, but also 
heat stress. The week before the V14 sampling, daily temperatures 

TABLE  2 Vegetative and flowering traits of B73 in the field pot study, Johnston, IA

Treatment Plant height (cm)
Plant growth 
rate (cm/day) Leaf no.

Leaf appearance 
rate (leaves/day) GDDC to shed GDDC to silk ASI

WW 223.9 ± 12.8 5.41 20.4 ± 0.8 0.34 715.9 ± 14.5 730.5 ± 14.0 1.6 ± 1.1

DRT 178.4 ± 9.9a 3.57 20.0 ± 0.9 0.29 750.5 ± 13.5a 798.4 ± 11.0a 4.8 ± 1.9a

Vegetative traits were collected weekly. Final measurements were collected at R2 stage. Growth rate and leaf appearance rate were calculated using 
linear regression based on data in Figure 2. Measurements represent mean ± SD. One day is approx. 11 GDDC, growing degree days.
aDRT means are statistically different from WW at p < 0.01. 
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were 25⁰C and plants experienced drought stress but less heat 
stress. The daily temperature then progressively increased from 
30°C to 40°C, suggesting the highest level of combined heat and 
drought stress occurred after 32 days of drought stress at the 
R1sampling date.

Every tissue displays unique changes at the transcriptional level 
in response to abiotic stress. Leaf transcriptional changes increased, 
in general, over the course of the drought treatment, reaching the 
maximum number of DE genes at 32 days of drought (R1) (Figure 4b). 
At V14 when the temperature was mild, the number of DE genes was 

F IGURE  2 Plant growth and development under WW and DRT in the field pot study, Johnston IA, 2013. Effect of water treatment on 
B73 plant growth (a) and leaf appearance (b) by GDDC depicted as linear trend lines. Effect of water treatment on ear length (c) and spikelet 
number (d) by developmental stage. Linear trend lines of ear elongation after V14 (e) and spikelet initiation before V14 (f) by GDDC in B73. 
Effect of water treatment on average ear elongation (g) and spikelet initiation (h) in nine pioneer proprietary inbred lines by GDDC. Trend 
lines were calculated using linear regression models for each trait and water treatment. The x value in the linear regression formula denotes 
average change in each trait per 1 GDDC. R2 describes how well the data fit the trend line where 1.0 is a perfect fit. Data points represent 
means ± SD. Traits separated by WW (solid blue) and DRT (dashed red) treatments
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slightly reduced relative to V12 and V18 samplings (Figure 4b). In 
contrast to the other samplings, at R1 more genes were up-regulated 
than down-regulated in leaves.

The ear transcriptional response displayed a more pronounced 
bimodal pattern than the response in leaves (Figure 4c). The largest 
number of DE genes was detected at the V12 and R1 samplings. At the 
V14 sampling the number of DE genes dropped ~10-fold (Figure 4c) 
from the V12 stage. Then DE genes increased continually from the 
V18 sampling to reach the maximum differential expression at the R1 
sampling (Figure 4c). The dynamics of the DE gene response was cor-
related with the weather pattern; when drought and heat stress were 
at a maximum, more DE genes were observed. There were more down-
regulated relative to up-regulated genes at the later stages. At the R1 
sampling, when the average daily temperature once again reached 
40°C, the number of down-regulated genes increased by ~5-fold, 
whereas the number of up-regulated genes was similar to the previ-
ous V18 sampling (Figure 4c). Tassel had the lowest transcriptional re-
sponses to stress and showed a pattern opposite to that of the ear. The 
maximum numbers of DE genes were detected in the tassel at the V14 
stage when ears had the smallest number of DE genes (Figure 4c,d). 
The heat stress level was the lowest at this time. However, at the high-
est level of drought and heat stress (third and fourth samplings) few 

DE genes were found in tassel samples. This pattern suggests that the 
tassel transcriptome is less responsive to environmental stress which 
agrees with the phenotypic observation that tassel development is 
less sensitive to drought stress relative to ear development.

3.3 | Gene ontology enrichment of biological 
processes for de genes in leaf samples

In order to gain insight into the functional categories of drought re-
sponsive genes, gene ontology (GO) Fisher's exact test was used to 
analyze DE genes separated by tissue and stage. The tissue-specific 
top 20 up- and down-regulated GO functional terms, excluding high-
level and synonym terms, are presented in Figure 5. The complete 
dataset is available in Supporting Information Table S1 (leaf), Table 
S2 (ear), and Table S3 (tassel).

3.3.1 | Leaf up-regulated genes

A consistent enrichment across developmental stages was observed 
in the “protein folding” category, reaching a maximum at the R1 sam-
pling (Figure 5a). Genes in the “response to heat” category were en-
riched in the V12 and R1 samplings which followed the temperature 

F IGURE  3 Principal component analysis of differentially expressed (DE) genes. Principal components were calculated based on the 
expression levels of genes across tissues (component 1), developmental stages (component 2), and treatment (component 3). Leaf samples 
include 3,454 DE genes (a), ear samples include 6,946 DE genes (b), tassel tissue samples 19,850 DE genes (c). Blue color represents WW 
samples; brown color represents DRT samples. The following shapes represent plant stages at sampling: square - V12, cross –V14, circle – 
V18, diamond –R1. There are four replicated samples for each stage

(c)(b)(a)

WW
DRT

TABLE  3 Female inflorescence traits of B73 in the field pot study, Johnston, IA

Treatment

Ear length (cm) by Stage
Ear elongation 
rate (cm/day)

Max. no. 
spikelets

Spikelet initiation 
rate (spikelets/day)V10 V12 V14 R1 R2

WW 0.1 ± 0.06 0.6 ± 0.1 2.2 ± 0.6 6.1 ± 1.7 18.6 ± 1.8 0.76 52.2 ± 3.0 2.43

DRT 0.1 ± 0.05 0.4 ± 0.2 1.2 ± 0.4a 2.7 ± 0.9a 9.7 ± 0.9a 0.35 45.1 ± 4.3a 2.13

Ear elongation rate was calculated using data collected after V14 (GDDC 600). Spikelet initiation rate was calculated using data collected prior to V14 
(GDDC 600). The maximum number of spikelets occurred at R1 (GDDC 750). Spikelet initiation rate and ear elongation rate were calculated using linear 
regression based on data in Figure 2. Measurements represent mean ± SD. One day is approx. 11 GDDC, growing degree days.
aDRT means are statistically different from WW at p < 0.01. 
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pattern. Gene enrichments in “cellular amino acid metabolic process” 
and “proline biosynthetic process” categories were also enriched, 
suggesting enhancement of osmolyte biosynthesis, such as proline 
and other amino acids. Some enrichment was also observed in genes 
related to translation machinery, suggesting stabilization of protein 
biosynthesis under drought conditions.

Surprisingly, there was enrichment of up-regulated genes in func-
tional categories related to photosynthetic machinery such as “pho-
tosynthesis light reaction and light harvesting”, “electron transport 
in photosystem II”, “chlorophyll biosynthetic process”, “porphyrin-
containing compound metabolic process”, “tetrapyrrole biosyn-
thetic process”, “phylloquinone biosynthetic process”, and “thylakoid 
membrane organization” (Supporting Information Table S1). At later 
stages, the level of enrichment gradually declined (Figure 5a). This 
suggests that there may be compensatory responses in leaves at the 
first sign of drought stress to maintain photosynthesis. As drought 

stress continues and less water is available, leaves begin to show 
daytime wilting (Figure 1b) which likely impedes the photosynthetic 
rate. A similar up-regulation of photosynthetic genes under drought 
stress in B73 leaves was recently reported (Avramova et al., 2015). 
However, in that study, photosynthesis was inhibited by stress as 
well as stomata conductance. To reconcile this paradox, the authors 
provided some evidence that investment in the photosynthetic ma-
chinery under stress facilitates photosynthesis during plant recovery 
when water becomes available (Avramova et al., 2015).

Abscisic acid (ABA) is a primary abiotic stress response hor-
mone and is expected to have a strong response to drought 
(Hauser, Waadt, & Schroeder, 2011). However, few genes were 
identified in the “cellular response to abscisic acid (ABA) stimulus” 
category. The highest level of drought response was shown by the 
bZIP transcription factor ABI-5 (GRMZM2G479760, ABSCISIC 
ACID-INSENSITIVE-5) and duplicated genes (GRMZM2G073324 

F IGURE  4 Distribution of DE genes 
in vegetative and reproductive tissue by 
sampling times. Daily temperature (°C) 
patterns during the experiment sampling 
days and plants V-stages are marked by 
dots. First sampling was done at 11 days 
of drought stress, second sampling at 
18 days of drought, third sampling at 
27 days of drought, fourth sampling at 
32 days of drought (a). Distribution of 
DRT up-regulated (red) and DRT down-
regulated (blue) genes in leaves (b), ears 
(c), and tassels (d)
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F IGURE  5 Gene Ontology (GO) enrichment of biological processes for DE genes under drought stress. Gene Ontology Fisher's exact test 
was used for the enrichment analysis of the DE genes (Table 4). A p-value of 0.01 was used to select enriched GO terms. p-value for drought 
stress up-regulated terms shown in red, and down-regulated terms shown in blue. The lowest p-values are depicted by darker color. a and b 
leaves, c and d ears, e and f – tassels
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TABLE  4 Expression of maize developmental genes in ears under drought in the field, Woodland, CA

GRMZM_ID Gene name Protein
Response 
to stress

Axillary meristem initiation

GRMZM2G127308 VT2 (vanishing tassel2) Tryptophan Aminotransferase Neutrala

GRMZM2G025222 SPI1 (sparse inflorescence1) Flavin auxin oxygenase Neutrala

GRMZM2G098643 ZmPINa (pinformed) Auxin efflux transporter Neutrala

GRMZM2G072274 BAF1 (barren stalk fastigiated) AT-hook TF Neutrala

GRMZM2G171822 BIF2 (barren inflorescence2) Protein kinase Neutrala

GRMZM2G397518 BA1 (barren stalk1) bHLH TF Neutrala

Inflorescence meristem size

GRMZM2G017087 KN1 (knotted1) Homeodomain TF Neutrala

GRMZM2G104925 FEA2 (fasciated ear2) CLV2-like receptor Neutrala

GRMZM2G133331 FEA4 (fasciated ear4) bZIP TF Neutrala

GRMZM2G300133 TD1 (thick tassel dwarf1) CLV1-like receptor Neutral

Inflorescence meristem determinacy

GRMZM2G003927 RA1 (ramosa1) Zinc finger TF Neutrala

AC233943.1_FGT002 RA2 (ramosa2) LOB-domain TF Neutrala

GRMZM2G014729 RA3 (ramosa3) T-6-P phosphatase Neutrala

GRMZM2G042992 REL2 (ramosa1 enhancer locus2) TOPLESS TF co-repressor Down

GRMZM2G307119 BD1 (branched silkless1) Ethylene-responsive TF Neutrala

Floral development

GRMZM2G148693 ZAP1 (Zea apetala homolog1) MADS TF, AP-FUL clade, class A Neutrala

GRMZM2G110153 ZMM16 (Zea mays MADS16) MADS TF, GLO clade, class B Down

GRMZM2G139073 SI1 (silky1) MADS TF, DEF clade, class B Neutrala

GRMZM2G052890 ZAG1 (Zea AGAMOUS homolog1) MADS TF, AG clade, class C-D Downa

GRMZM2G160565 ZAG3/BDE1 (bearded-ear1) MADS TF, AGL6 clade Downa

GRMZM2G160687 ZAG2 (Zea AGAMOUS homolog2) MADS TF, AG clade, class C-D Downa

GRMZM2G359952 ZMM2 (Zea mays MADS2) MADS TF, AG clade, class C-D Downa

GRMZM2G471089 ZMM23 (Zea mays MADS23) MADS TF, AG clade, class C-D Downa

GRMZM2G003514 ZAG5 (Zea agamous5) MADS TF, AGL6 clade Neutrala

GRMZM2G087095 ZMM24 (Zea mays MADS24) MADS TF, SEP clade, class E Down

GRMZM2G071620 ZMM31 (Zea mays MADS31) MADS TF, SEP clade, class E Down

GRMZM2G159397 ZMM6 (Zea mays MADS6) MADS TF, SEP clade, class E Down

GRMZM2G099522 ZMM14 (Zea mays MADS14) MADS TF, SEP clade, class E Down

GRMZM2G105387 MADS TF-box26 MADS TF, AGL12 clade Down

GRMZM2G117961 MADS TF-box26 MADS TF, AGL12 clade Down

GRMZM2G005155 MADS TF-box1 MADS TF Down

GRMZM2G018589 MADS TF-box58 MADS TF, AG clade, class C-D Down

GRMZM2G097059 MADS TF-box7 MADS TF, SEP clade, class E Down

GRMZM5G862109 TS6 (tasselseed6) APETALA2-like TF Down

GRMZM2G076602 AP2 (floral homeotic protein) APETALA2-like TF Down

GRMZM2G102218 DL (drooping leaf homolog) YABBY TF Down

Embryo sac development

GRMZM2G118250 IG1 (indeterminate gametophyte1) LOB-domain TF Down

GRMZM2G042055 FERONIA homolog Receptor kinase Down

Response to stress is shown as a trend based on RNA-seq expression. Genes are grouped into functional categories. TF stands for Transcription Factor.
aDenotes expression validated by qRT-PCR. Other genes were not tested. 
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and GRMZM2G389301, EID1-like F-box protein 3), which are 
homologs of the Arabidopsis gene EDL3 involved in the regulation 
of ABA-signaling (Koops et al., 2011). The ABA biosynthesis gene 
VP14 (GRMZM2G014392 viviparous14, 9-cis-epoxycarotenoid, 
NCED1 dioxygenase) was also up-regulated at the V12  
sampling.

3.3.2 | Leaf down-regulated genes

The greatest number of down-regulated genes was found in the 
“organic anion transport” and “amino acid transport” categories 
(Figure 5b). This indicates that with low water movement through 
the plant under DRT conditions a reduction in transport of solutes 
may occur. Down-regulation of genes in biological categories such 
as “response to chitin” and “salicylic acid stimulus” suggests that 
plant immunity to pathogen invasion may weaken under drought 
conditions. The trend of down-regulation of genes involved in the 
“response to reactive oxygen species” was also observed, which 
could cause reactive oxygen species to accumulate in leaves under 
drought stress.

3.4 | GO enrichment of biological processes for DE 
genes in ear samples

3.4.1 | Ear up-regulated genes

The bimodal distribution of DE genes in ear tissue was paralleled by 
the diverse functions at the beginning and end of the abiotic stress 
period. The early responsive genes at the V12 sampling were en-
riched in the “oxylipin biosynthetic processes” category (Figure 5c). 
One important example of oxylipins is the biotic stress hormone 
jasmonic acid (JA) (Wasternack & Hause, 2013). The JA precur-
sor, 12-oxo-phytodienoic acid (12-OPDA), is also a biologically ac-
tive molecule having similar function to JA (Savchenko, Zastrijnaja, 
& Klimov, 2014). The individual genes in the oxylipin category are 
positioned at the upstream steps in the JA biosynthetic pathway. 
These genes include LOX1 (GRMZM2G156861, Lipoxygenase 1), 
LOX3 (GRMZM2G109130), LOX6 (GRMZM2G040095), and AOS 
(GRMZM2G067225, allene oxide synthase) suggesting that oxylipin 
biosynthesis may be up-regulated in ears under stress. Moreover, the 
JA receptor COI (coronatine-insensitive) genes (GRMZM2G125411, 
GRMZM2G353209, GRMZM2G151536) were also up-regulated, 
suggesting enhanced signaling for JA and other oxylipins.

In the “response to abscisic acid stimulus” category, dupli-
cated genes EDL3 (GRMZM2G073324 and GRMZM2G389301 
EID1-like F-box protein 3), bZIP transcription factor ABI-
5 (GRMZM2G077124), and the ABA receptor PYL8 gene 
(GRMZM2G165567) were all up-regulated. This is similar to what 
was observed in leaves, except that in leaves activation of the ABA 
receptor genes was not detected.

No enrichment of the typical stress response categories such 
as “protein folding” or “response to heat” were found in ear sam-
ples at the V12 or V14 samplings. However, these categories were 

enriched later at the V18 and R1 samplings when plants had been 
exposed to abiotic stress for a longer period of time. At the later 
stages, some enrichment of up-regulated genes was observed in the 
“cell cycle” and “DNA replication” categories which may be explained 
by delayed ear growth under drought conditions (Figure 1d,e and 
Supporting Information Figure S2B).

3.4.2 | Ear down-regulated genes

The categories with the greatest number of down-regulated genes 
in ears were “translation”, “DNA replication”, “cell division”, and 
many related processes (Figure 5d and Supporting Information 
Table S2). These down-regulated genes were predominant at the 
V12 sampling, but were less impacted at later stages. These results 
suggest that fundamental processes such as protein biosynthesis, 
DNA replication and cell division are suppressed under a combina-
tion of heat and drought stress, resulting in a delay in ear growth. 
As soon as environmental conditions were less stressful (V14 sam-
pling), transcriptional activity of these key genes was restored. 
Down-regulation of genes in the categories of “glucose metabolic 
process”, “glycolysis”, and “tricarboxylic acid cycle” was observed 
at the V12 and R1 samplings, indicating the sensitivity of energy 
related processes to stress conditions. Down-regulation of genes 
involved in carbohydrate metabolic processes was enriched at the 
R1 stage. Interestingly, genes in the “wax metabolic processes” 
were down-regulated (R1 stage) signifying that wax biosynthesis 
may be impaired.

3.5 | GO enrichment of biological processes for DE 
genes in tassel samples

In contrast to the ear and leaf, drought response in the tassel was 
much more limited (Figure 4b,c,d). The majority of the DE genes were 
seen at the V14 sampling. The most prominent enrichment among 
the up-regulated genes was found in processes related to “protein 
degradation”, “telomere maintenance”, “chromosome and chromatin 
organization”, and “meiosis” (Figure 5e). Among the down-regulated 
genes, functional enrichments were observed in “translation” and 
“ribosome biogenesis” categories (Figure 5f). At the later V18 and R1 
stages there were very few differences in gene expression between 
WW and DRT samples. Transcriptional differences appeared to  
reflect a slight delay in tassel development under DRT and not a di-
rect effect of stress on the tassel transcriptome.

3.6 | Comparison of top ranking stress-induced 
categories in leaf and ear samples

Two functional categories “protein folding” and “heat response” 
were highly enriched in leaves and ears under prolonged drought 
stress (Figure 5a,c). Neither of these functional categories  
was enriched in the tassel. We detected 66 genes whose expres-
sion level was increased >twofold in at least one tissue at the 
R1 stage (Figure 6). The majority of these were annotated as 
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GRAMIN_ID Definition Line

Effect
Size
Leaf

Effect
Size
Ear

Subcellular
Localization

GRMZM2G154685 Peptidyl-prolyl cis-trans isomerase, FKBP-type protein 119.34 Cytoplasm
GRMZM2G149647 Heat shock protein26 113.01 Chloroplast
GRMZM5G833699 Heat shock protein Hsp90 53.09 33.20 Cytoplasm
GRMZM2G306679 17.9 kDa class I heat shock protein 42.48 Cytoplasm
GRMZM2G023786 DNAJ heat shock N-terminal domain-containing protein 20.65 Nucleus
GRMZM2G024718 Heat shock cognate 70 kDa protein 4-like protein 19.50 37.79 Cytoplasm
GRMZM2G375517 22.7 kDa class IV heat shock protein 17.48 Chloroplast
GRMZM2G346839 22.0 kDa class IV heat shock protein 13.79 Chloroplast
GRMZM2G481605 17.7 kDa class I heat shock protein 13.31 Nucleus
GRMZM2G458208 Chaperonin 1 9.42 Mitochondrion
GRMZM2G098167 17.5 kDa class II heat shock protein 5.98 25.01 Nucleus
GRMZM2G007729 23.6 kDa heat shock protein, mitochondrial-like protein 4.66 23.12 Chloroplast
GRMZM2G070475 Heat shock protein DnaJ 2.10 21.85 Nucleus
GRMZM2G046382 Heat shock protein Hsp20 5.61 13.47 Cytoplasm
GRMZM2G070863 Heat shock protein STI-like protein 3.82 12.11 Cytoplasm
GRMZM5G802801 Heat shock cognate 70 kDa protein 4-like isoform 1 3.20 11.65 Chloroplast
GRMZM5G803365 Chloroplast small heat shock protein 11.63 Chloroplast
AC208204.3_FGT006 Heat shock protein Hsp20 5.21 11.38 Cytoplasm
GRMZM2G360681 heat-shock protein 101 8.34 10.52 Mitochondrion
GRMZM2G134476 Heat shock protein DnaJ 10.09 Nucleus
GRMZM2G051135 Endothelial differentiation-related factor 1 9.28 Nucleus
GRMZM2G335242 16.0 kDa heat shock protein, peroxisomal-like protein 6.55 Chloroplast
GRMZM2G162968 Chaperone protein ClpB3, chloroplastic-like protein 6.14 3.84 Mitochondrion
GRMZM2G073511 Tetratricopeptide repeat protein 1-like protein 5.56 2.90 Cytoplasm
GRMZM2G423456 Histidine kinase cytokinin receptor (PHK4) 5.00 Plasma membrane
GRMZM2G069651 Heat shock protein Hsp90 4.91 7.79 Cytoplasm
GRMZM2G003501 3-ketoacyl-CoA synthase 6-like protein 4.71 Chloroplast
GRMZM2G060561 Chaperone protein ClpB3 4.36 5.26 Mitochondrion
GRMZM2G434173 RuBisCO large subunit-binding protein subunit alpha 4.35 1.67 Chloroplast
GRMZM2G371890 Thermospermine synthase 4.20 2.45 Mitochondrion
GRMZM2G035063 10 kDa chaperonin 4.15 Extracellular
AC215201.3_FGT005 RuBisCO large subunit-binding protein subunit alpha 3.92 Chloroplast
GRMZM2G153815 Heat shock 70 kDa protein 10, mitochondrial 3.61 Mitochondrion
GRMZM2G096585 Peptidyl-prolyl cis-trans isomerase, FKBP-type protein 3.41 3.37 Cytoplasm
GRMZM5G898471 Heat shock protein DnaJ 3.40 1.89 ER
GRMZM2G144997 Heat shock protein DnaJ 3.35 Nucleus
GRMZM2G134668 Calreticulin/calnexin 3.23 ER
GRMZM2G112165 Heat shock protein Hsp90 3.20 Cytoplasm
GRMZM2G002220 Heat shock protein Hsp90 3.08 Cytoplasm
GRMZM2G047434 Heat shock protein Hsp90 2.98 1.24 Cytoplasm
GRMZM2G416120 Chaperonin CPN60-2, mitochondrial; HSP60-2 2.88 Mitochondrion
GRMZM2G130121 Chaperone protein ClpB3, chloroplastic-like protein 2.81 Mitochondrion
GRMZM2G143168 Heat shock protein DnaJ 2.77 Nucleus
GRMZM2G162688 Heat shock protein STI-like protein 2.64 Mitochondrion
GRMZM2G024668 Heat shock protein Hsp90 2.58 3.71 Cytoplasm
GRMZM2G022180 Calreticulin/calnexin 2.54 Cytoplasm
GRMZM2G013652 10 kDa chaperonin 2.50 6.83 Extracellular
GRMZM2G039886 Heat shock protein DnaJ 2.40 5.44 Cytoplasm
AC209835.4_FGT004 Cation transport protein chaC 2.34 Cytoplasm
GRMZM2G030312 GrpE nucleotide exchange factor, head 2.29 2.32 Mitochondrion
GRMZM2G061487 Ethylene-responsive transcription factor RAP2-4-like protein 2.15 Nucleus
GRMZM2G095392 PP2A regulatory subunit TAP46-like protein 2.11 Nucleus
GRMZM2G399284 Sterile alpha motif (SAM) domain-containing protein 2.10 Chloroplast
GRMZM2G329306 Peptidyl-prolyl cis-trans isomerase CYP40-like protein 2.09 Cytoplasm
GRMZM2G095252 RuBisCO large subunit-binding protein subunit beta 2.07 Chloroplast
GRMZM2G153068 Chaperone protein dnaJ 1, mitochondrial-like protein 2.02 2.34 Nucleus
GRMZM2G079668 Chloroplast heat shock protein 70-1 (cpHsc70-1) 1.98 3.29 Chloroplast
GRMZM2G473367 Chaperone protein dnaJ 1, mitochondrial-like protein 1.96 2.44 Nucleus
GRMZM2G063850 Heat shock protein STI-like protein 1.83 2.13 Cytoplasm
GRMZM2G098058 Heat shock protein DnaJ 1.82 7.67 Nucleus
GRMZM2G119316 Heat shock protein DnaJ 1.72 3.20 Mitochondrion
GRMZM2G012631 Heat shock protein Hsp90 1.72 2.51 Cytoplasm
GRMZM2G050961 20 kDa chaperonin, chloroplastic-like protein 1.47 8.12 Chloroplast
GRMZM2G016734 Heat shock protein DnaJ 7.81 Nucleus
GRMZM2G303149 Heat shock protein DnaJ 4.21 Nucleus
GRMZM5G862101 HVA22-like protein a-like protein 2.02 Chloroplast
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GRAMIN_ID Definition Line Leaf Ear
Subcellular
Localization

GRMZM2G154685 Peptidyl-prolyl cis-trans isomerase, FKBP-type protein 119.34 Cytoplasm
GRMZM2G149647 Heat shock protein26 113.01 Chloroplast
GRMZM5G833699 Heat shock protein Hsp90 53.09 33.20 Cytoplasm
GRMZM2G306679 17.9 kDa class I heat shock protein 42.48 Cytoplasm
GRMZM2G023786 DNAJ heat shock N-terminal domain-containing protein 20.65 Nucleus
GRMZM2G024718 Heat shock cognate 70 kDa protein 4-like protein 19.50 37.79 Cytoplasm
GRMZM2G375517 22.7 kDa class IV heat shock protein 17.48 Chloroplast
GRMZM2G346839 22.0 kDa class IV heat shock protein 13.79 Chloroplast
GRMZM2G481605 17.7 kDa class I heat shock protein 13.31 Nucleus
GRMZM2G458208 Chaperonin 1 9.42 Mitochondrion
GRMZM2G098167 17.5 kDa class II heat shock protein 5.98 25.01 Nucleus
GRMZM2G007729 23.6 kDa heat shock protein, mitochondrial-like protein 4.66 23.12 Chloroplast
GRMZM2G070475 Heat shock protein DnaJ 2.10 21.85 Nucleus
GRMZM2G046382 Heat shock protein Hsp20 5.61 13.47 Cytoplasm
GRMZM2G070863 Heat shock protein STI-like protein 3.82 12.11 Cytoplasm
GRMZM5G802801 Heat shock cognate 70 kDa protein 4-like isoform 1 3.20 11.65 Chloroplast
GRMZM5G803365 Chloroplast small heat shock protein 11.63 Chloroplast
AC208204.3_FGT006 Heat shock protein Hsp20 5.21 11.38 Cytoplasm
GRMZM2G360681 heat-shock protein 101 8.34 10.52 Mitochondrion
GRMZM2G134476 Heat shock protein DnaJ 10.09 Nucleus
GRMZM2G051135 Endothelial differentiation-related factor 1 9.28 Nucleus
GRMZM2G335242 16.0 kDa heat shock protein, peroxisomal-like protein 6.55 Chloroplast
GRMZM2G162968 Chaperone protein ClpB3, chloroplastic-like protein 6.14 3.84 Mitochondrion
GRMZM2G073511 Tetratricopeptide repeat protein 1-like protein 5.56 2.90 Cytoplasm
GRMZM2G423456 Histidine kinase cytokinin receptor (PHK4) 5.00 Plasma membrane
GRMZM2G069651 Heat shock protein Hsp90 4.91 7.79 Cytoplasm
GRMZM2G003501 3-ketoacyl-CoA synthase 6-like protein 4.71 Chloroplast
GRMZM2G060561 Chaperone protein ClpB3 4.36 5.26 Mitochondrion
GRMZM2G434173 RuBisCO large subunit-binding protein subunit alpha 4.35 1.67 Chloroplast
GRMZM2G371890 Thermospermine synthase 4.20 2.45 Mitochondrion
GRMZM2G035063 10 kDa chaperonin 4.15 Extracellular
AC215201.3_FGT005 RuBisCO large subunit-binding protein subunit alpha 3.92 Chloroplast
GRMZM2G153815 Heat shock 70 kDa protein 10, mitochondrial 3.61 Mitochondrion
GRMZM2G096585 Peptidyl-prolyl cis-trans isomerase, FKBP-type protein 3.41 3.37 Cytoplasm
GRMZM5G898471 Heat shock protein DnaJ 3.40 1.89 ER
GRMZM2G144997 Heat shock protein DnaJ 3.35 Nucleus
GRMZM2G134668 Calreticulin/calnexin 3.23 ER
GRMZM2G112165 Heat shock protein Hsp90 3.20 Cytoplasm
GRMZM2G002220 Heat shock protein Hsp90 3.08 Cytoplasm
GRMZM2G047434 Heat shock protein Hsp90 2.98 1.24 Cytoplasm
GRMZM2G416120 Chaperonin CPN60-2, mitochondrial; HSP60-2 2.88 Mitochondrion
GRMZM2G130121 Chaperone protein ClpB3, chloroplastic-like protein 2.81 Mitochondrion
GRMZM2G143168 Heat shock protein DnaJ 2.77 Nucleus
GRMZM2G162688 Heat shock protein STI-like protein 2.64 Mitochondrion
GRMZM2G024668 Heat shock protein Hsp90 2.58 3.71 Cytoplasm
GRMZM2G022180 Calreticulin/calnexin 2.54 Cytoplasm
GRMZM2G013652 10 kDa chaperonin 2.50 6.83 Extracellular
GRMZM2G039886 Heat shock protein DnaJ 2.40 5.44 Cytoplasm
AC209835.4_FGT004 Cation transport protein chaC 2.34 Cytoplasm
GRMZM2G030312 GrpE nucleotide exchange factor, head 2.29 2.32 Mitochondrion
GRMZM2G061487 Ethylene-responsive transcription factor RAP2-4-like protein 2.15 Nucleus
GRMZM2G095392 PP2A regulatory subunit TAP46-like protein 2.11 Nucleus
GRMZM2G399284 Sterile alpha motif (SAM) domain-containing protein 2.10 Chloroplast
GRMZM2G329306 Peptidyl-prolyl cis-trans isomerase CYP40-like protein 2.09 Cytoplasm
GRMZM2G095252 RuBisCO large subunit-binding protein subunit beta 2.07 Chloroplast
GRMZM2G153068 Chaperone protein dnaJ 1, mitochondrial-like protein 2.02 2.34 Nucleus
GRMZM2G079668 Chloroplast heat shock protein 70-1 (cpHsc70-1) 1.98 3.29 Chloroplast
GRMZM2G473367 Chaperone protein dnaJ 1, mitochondrial-like protein 1.96 2.44 Nucleus
GRMZM2G063850 Heat shock protein STI-like protein 1.83 2.13 Cytoplasm
GRMZM2G098058 Heat shock protein DnaJ 1.82 7.67 Nucleus
GRMZM2G119316 Heat shock protein DnaJ 1.72 3.20 Mitochondrion
GRMZM2G012631 Heat shock protein Hsp90 1.72 2.51 Cytoplasm
GRMZM2G050961 20 kDa chaperonin, chloroplastic-like protein 1.47 8.12 Chloroplast
GRMZM2G016734 Heat shock protein DnaJ 7.81 Nucleus
GRMZM2G303149 Heat shock protein DnaJ 4.21 Nucleus
GRMZM5G862101 HVA22-like protein a-like protein 2.02 Chloroplast
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GRMZM2G154685 Peptidyl-prolyl cis-trans isomerase, FKBP-type protein 119.34 Cytoplasm
GRMZM2G149647 Heat shock protein26 113.01 Chloroplast
GRMZM5G833699 Heat shock protein Hsp90 53.09 33.20 Cytoplasm
GRMZM2G306679 17.9 kDa class I heat shock protein 42.48 Cytoplasm
GRMZM2G023786 DNAJ heat shock N-terminal domain-containing protein 20.65 Nucleus
GRMZM2G024718 Heat shock cognate 70 kDa protein 19.50 37.79 Cytoplasm
GRMZM2G375517 22.7 kDa class IV heat shock protein 17.48 Chloroplast
GRMZM2G346839 22.0 kDa class IV heat shock protein 13.79 Chloroplast
GRMZM2G481605 17.7 kDa class I heat shock protein 13.31 Nucleus
GRMZM2G458208 Chaperonin 1 9.42 Mitochondrion
GRMZM2G098167 17.5 kDa class II heat shock protein 5.98 25.01 Nucleus
GRMZM2G007729 23.6 kDa heat shock protein, mitochondrial-like protein 4.66 23.12 Chloroplast
GRMZM2G070475 Heat shock protein DnaJ 2.10 21.85 Nucleus
GRMZM2G046382 Heat shock protein Hsp20 5.61 13.47 Cytoplasm
GRMZM2G070863 Heat shock protein STI-like protein 3.82 12.11 Cytoplasm
GRMZM5G802801 Heat shock cognate 70 kDa protein 4-like isoform 1 3.20 11.65 Chloroplast
GRMZM5G803365 Chloroplast small heat shock protein 11.63 Chloroplast
AC208204.3_FGT006 Heat shock protein Hsp20 5.21 11.38 Cytoplasm
GRMZM2G360681 heat-shock protein 101 8.34 10.52 Mitochondrion
GRMZM2G134476 Heat shock protein DnaJ 10.09 Nucleus
GRMZM2G051135 Endothelial differentiation-related factor 1 9.28 Nucleus
GRMZM2G335242 16.0 kDa heat shock protein, peroxisomal-like protein 6.55 Chloroplast
GRMZM2G162968 Chaperone protein ClpB3, chloroplastic-like protein 6.14 3.84 Mitochondrion
GRMZM2G073511 Tetratricopeptide repeat protein 5.56 2.90 Cytoplasm
GRMZM2G423456 Histidine kinase cytokinin receptor (PHK4) 5.00 Plasma membrane
GRMZM2G069651 Heat shock protein Hsp90 4.91 7.79 Cytoplasm
GRMZM2G003501 3-ketoacyl-CoA synthase 6-like protein 4.71 Chloroplast
GRMZM2G060561 Chaperone protein ClpB3 4.36 5.26 Mitochondrion
GRMZM2G434173 RuBisCO large subunit-binding protein subunit alpha 4.35 1.67 Chloroplast
GRMZM2G371890 Thermospermine synthase 4.20 2.45 Mitochondrion
GRMZM2G035063 10 kDa chaperonin 4.15 Extracellular
AC215201.3_FGT005 RuBisCO large subunit-binding protein subunit alpha 3.92 Chloroplast
GRMZM2G153815 Heat shock 70 kDa protein 10, mitochondrial 3.61 Mitochondrion
GRMZM2G096585 Peptidyl-prolyl cis-trans isomerase, FKBP-type protein 3.41 3.37 Cytoplasm
GRMZM5G898471 Heat shock protein DnaJ 3.40 1.89 ER
GRMZM2G144997 Heat shock protein DnaJ 3.35 Nucleus
GRMZM2G134668 Calreticulin/calnexin 3.23 ER
GRMZM2G112165 Heat shock protein Hsp90 3.20 Cytoplasm
GRMZM2G002220 Heat shock protein Hsp90 3.08 Cytoplasm
GRMZM2G047434 Heat shock protein Hsp90 2.98 1.24 Cytoplasm
GRMZM2G416120 Chaperonin CPN60-2, mitochondrial; HSP60-2 2.88 Mitochondrion
GRMZM2G130121 Chaperone protein ClpB3, chloroplastic-like protein 2.81 Mitochondrion
GRMZM2G143168 Heat shock protein DnaJ 2.77 Nucleus
GRMZM2G162688 Heat shock protein STI-like protein 2.64 Mitochondrion
GRMZM2G024668 Heat shock protein Hsp90 2.58 3.71 Cytoplasm
GRMZM2G022180 Calreticulin/calnexin 2.54 Cytoplasm
GRMZM2G013652 10 kDa chaperonin 2.50 6.83 Extracellular
GRMZM2G039886 Heat shock protein DnaJ 2.40 5.44 Cytoplasm
AC209835.4_FGT004 Cation transport protein chaC 2.34 Cytoplasm
GRMZM2G030312 GrpE nucleotide exchange factor, head 2.29 2.32 Mitochondrion
GRMZM2G061487 Ethylene-responsive transcription factor RAP2-4-like protein 2.15 Nucleus
GRMZM2G095392 PP2A regulatory subunit TAP46-like protein 2.11 Nucleus
GRMZM2G399284 Sterile alpha motif (SAM) domain-containing protein 2.10 Chloroplast
GRMZM2G329306 Peptidyl-prolyl cis-trans isomerase CYP40-like protein 2.09 Cytoplasm
GRMZM2G095252 RuBisCO large subunit-binding protein subunit beta 2.07 Chloroplast
GRMZM2G153068 Chaperone protein dnaJ 1, mitochondrial-like protein 2.02 2.34 Nucleus
GRMZM2G079668 Chloroplast heat shock protein 70-1 (cpHsc70-1) 1.98 3.29 Chloroplast
GRMZM2G473367 Chaperone protein dnaJ 1, mitochondrial-like protein 1.96 2.44 Nucleus
GRMZM2G063850 Heat shock protein STI-like protein 1.83 2.13 Cytoplasm
GRMZM2G098058 Heat shock protein DnaJ 1.82 7.67 Nucleus
GRMZM2G119316 Heat shock protein DnaJ 1.72 3.20 Mitochondrion
GRMZM2G012631 Heat shock protein Hsp90 1.72 2.51 Cytoplasm
GRMZM2G050961 20 kDa chaperonin, chloroplastic-like protein 1.47 8.12 Chloroplast
GRMZM2G016734 Heat shock protein DnaJ 7.81 Nucleus
GRMZM2G303149 Heat shock protein DnaJ 4.21 Nucleus
GRMZM5G862101 HVA22-like protein 2.02 Chloroplast

F IGURE  6 Expression of genes in categories “protein folding” and “heat response” in leaves and ears at the R1 stage. The darkest color 
corresponds to the higher levels of induction under stress. Cutoff effective size was above twofold threshold at least in one tissue. A default 
of 10−6 FDR was used
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heat-shock proteins (HSP). There were 61 HSP genes that were 
up-regulated in leaves and 36 HSP genes in ears. The subcellu-
lar localization of the predicted proteins suggested that about 17 
of them are localized to the chloroplast, signifying their putative 
function in protecting the photosynthetic machinery. In leaves, 
the top up-regulated genes encode the peptidyl-prolyl cis-trans 
isomerase (GRMZM2G15468) and HSP26 (GRMZM2G149647) 
were induced by stress >110-fold. However, these genes were 
not expressed in ears. The top DRT induced genes in ears  
were the heat shock gene HSP90 (GRMZM5G833699) and  
HSP70 (GRMZM2G024718). These genes were induced 33-  and 
38-fold, respectively in ears and by 53- and 20-fold, respectively 
in leaves.

3.7 | Expression of developmental genes in 
stressed ears

It is important to note that there were few differentially expressed 
inflorescence development genes identified in stressed ears, even 
though the entire meristem spectrum (from IM to SPM to SM and 
FM) was sampled over the course of the experiment. Some degree of 
enrichment was observed among down-regulated genes at the V14 
stage in the “inflorescence morphogenesis” category (Figure 5d) and 
at the R1 stage in the “sexual reproduction”, “cell morphogenesis”, 
and “developmental process involved in reproduction” categories 
(Supporting Information Table S2). The small number of develop-
mental genes identified in the stressed ear samples led us to conduct 
qRT-PCR of several characterized maize genes involved in the pat-
terning of the maize inflorescences (Table 4). We tested six genes es-
sential for axillary meristem initiation: VT2 (vanishing tassel2) (Phillips 
et al., 2011), SPI1 (sparse inflorescence1) (Gallavotti, Barazesh, et al., 
2008), ZmPIN1a (pinformed) (Gallavotti, Yang, Schmidt, & Jackson, 
2008), BAF1 (barren stalk fastigiated) (Gallavotti et al., 2011), BIF2 
(barren inflorescence2) (McSteen et al., 2007), and BA1 (barren stalk1) 
(Gallavotti et al., 2004). The expression patterns of these genes were 
similar in WW and DRT ear samples (Figure 7). None were repressed 
by stress conditions and several were slightly up-regulated with a  
p-value of 0.01. Absence of repression under stress conditions is 
consistent with the phenotypic data that show a limited effect of 
stress on spikelet initiation and spikelet number.

We also tested selected genes involved in IM maintenance and size 
such as KN1 (homeotic protein knotted1), FEA2 (fasciated ear2), and FEA4 
(fasciated ear4) (Pautler et al., 2015). There was no significant effect of 
stress on expression patterns of these genes (Supporting Information 
Figure S12). The meristem determinacy genes RA1, RA2, and RA3 
(Ramosa1, 2, and 3) (Tanaka et al., 2013) as well as BD1 (branched silk-
less1) (Chuck, Muszynski, Kellogg, Hake, & Schmidt, 2002) showed 
only minor responses to stress (Supporting Information Figure S12).

We also investigated expression of MADS box transcription fac-
tors which are key regulators of floral development. Out of the 43 
maize MIKC-type MADS box genes (Zhao et al., 2010), at least 15 
genes were down-regulated in ears under stress (Table 4). Expression 
patterns were confirmed by qRT-PCR for eight selected MADS box 

genes (Supporting Information Figure S13). Non-MADS floral de-
velopmental genes such as TS6 (tasselseed6), AP2 (floral homeotic), 
and DL (drooping leaf homolog) were also down-regulated by stress 
(Table 4). These results suggest that drought stress may delay floral 
development due to the repression of floral developmental genes.

Down-regulation of genes related to ovule development and pol-
len tube receptivity were also found in this study (Table 4). Among 
them were IG1 (indeterminate gametophyte1) (Evans, 2007) and a ho-
molog of the Arabidopsis FERONIA gene. FERONIA is receptor-like 
protein kinase that is essential for interaction between the synergids 
and the pollen tube during embryo sac fertilization (Escobar-
Restrepo et al., 2007). Another function of FERONIA is the regula-
tion of cell elongation (Haruta, Sabat, Stecker, Minkoff, & Sussman, 
2014). Down-regulation of genes involved in embryo sac develop-
ment suggests a negative effect of abiotic stress on the formation 
of functional ovaries.

4  | DISCUSSION

4.1 | Plant growth and development is affected by 
stress in a tissue specific manner

Drought stress is an area of extensive research in many crops and 
model plants because of its negative impact on agriculture produc-
tivity (Blum, 2014). It has been well documented that the failure of 
the maize female inflorescence (ear) to develop under stress con-
ditions is a primary reason for grain yield loss in the field (Araus 
et al., 2012; Barker et al., 2005; Boyer & Westgate, 2004; Campos 
et al., 2006). Previous genomic studies of maize reproductive tis-
sues grown under water-limiting conditions provide insight into their 
general drought response, but fail to comprehensively correlate the 
maize ear development with transcriptome response to drought 
under field conditions.

We conducted experiments covering the sequence of ear devel-
opment starting from initiation up to silk emergence under WW and 
DRT conditions. This sampling was done in the field to capture ear 
responses to drought under natural weather conditions. In addition, 
we systematically collected tassel and leaf samples as well as pheno-
typic traits for the comparison of tissue specific growth and devel-
opmental processes under drought stress.

In both field experiments, plants were exposed to significant 
drought stress. There were differences in irrigation and high tem-
perature fluctuations between the two locations which may explain 
some of the small observed phenotypic differences. For example, 
in Woodland, plant height in the DRT treatment was reduced by 
40% relative to the WW treatment, whereas in Johnston, plant 
height was reduced by 20% suggesting a more severe abiotic stress 
in Woodland, where on average higher daily temperatures oc-
curred. The leaf number of DRT plants was reduced by 1–2 leaves 
in Woodland. In Johnston the leaf number was the same at WW and 
DRT. There were similar leaf appearance rates for WW and DRT 
plants in both experiments. Overall, this suggests that drought has 
less impact on developmental stages than on plant growth.
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Ear growth appears to be particularly sensitive to abiotic stress 
relative to ear organogenesis. The rate of ear elongation was twofold 
slower under the DRT (0.3 cm/day) treatment than the WW treat-
ment (0.5–0.7 cm/day). In addition, DRT ears at silking were approxi-
mately 50% shorter than WW ears in both experiments. However, the 
final number of spikelets per ear row was not significantly different 
between treatments in the Woodland experiment and was slightly 
reduced by drought in the Johnston study. This observation in B73 
was confirmed by assessing ear traits for nine proprietary Pioneer 
inbred lines grown in the field pots. All of these inbreds showed a 

similar number of spikelets under WW and DRT conditions, but a 
stronger reduction in ear length under drought (Figure 2g,h).

Tassel growth (measured by final tassel length) is less sensitive to 
abiotic stress than ear growth, being reduced by 20% under drought 
stress relative to well water as compared to a 50% reduction in ear 
size under the same conditions (Table 1). This finding is consistent 
with previously published studies that tassels are less suscepti-
ble to drought than ears (Herrero & Johnson, 1980a). Overall, our 
phenotypic data demonstrate that maize organs have a differen-
tial response to abiotic stress. Ear growth is the most sensitive to 

F IGURE  7 Expression of axillary meristem initiation genes in developing ears (qRT-PCR). *DRT means are statistically different from WW 
at p < 0.01
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stress, followed by plant growth (height) and tassel growth (length). 
Moreover, developmental processes such as leaf and spikelet initia-
tion (organogenesis) are less affected by drought than organ growth, 
a pattern that matches our transcriptional analysis.

4.2 | Transcriptome response is tissue specific and 
adjusts to environmental conditions

Organ specific drought phenology is mirrored by different tran-
scriptome responses in respect to DE gene numbers, functional cat-
egories, and stage distribution. In the leaf, the number of DE genes 
increased during the course of the DRT treatment, reaching a maxi-
mum at the R1 stage. Some decline in DE genes was observed at 
the V14 stage when plants were exposed to more moderate tem-
peratures, suggesting that the transcriptome is responsive to both 
drought and temperature.

Transcriptional responses to stress in ears were not as evenly 
distributed across developmental stages. The highest numbers of 
DE genes were detected in the V12 and R1 samplings when the 
level of stress was the highest due to a combination drought and 
heat stress. The lowest numbers of DE genes were found at the 
V14 sampling when the daily temperature was 25°C, an optimal 
temperature for maize growth (Abendroth et al., 2011), although 
the plants had not been irrigated for 10 days. This suggests that 
the ear might be responding more to heat and drought stress 
than to drought stress alone. Our results are consistent with RNA 
profiling of sorghum seedlings, where heat stress induced more 
genes than drought stress and a combination of both treatments 
induced more genes than each treatment separately (Johnson 
et al., 2014). However, the individual impacts of heat and drought 
on gene expression in maize ears require more additional studies 
with the proper controlled environment to arrive at the similar 
conclusion.

The smallest numbers of DE genes were found in the tassel, 
which is in agreement with its comparatively minor phenotypic re-
sponse to drought compared to the ear. Unlike other organs, DE 
genes in the tassel peaked at the V14 stage when the level of abi-
otic stress was the lowest. This may be explained by an asynchrony 
of gene expression due to a minor delay of tassel development 
under stress, rather than by drought-specific responses at this 
stage. We could speculate that a greater number of DE genes at the 
V14 tassel correlates with meiotic activity and pollen grain forma-
tion at this stage, which is supported by enrichments of GO terms 
for meiotic function and telomerase genes (Supporting Information 
Table S3). Few DE genes were detected in the V18 and R1 sam-
ples, which were the periods of the most intense abiotic stress. 
Moreover, no activation of heat shock genes, which are biomarkers 
for stress responses, was detected in tassels. Our findings are in 
agreement with previous studies indicating that due to the shoot 
apical dominance, tassel growth is less sensitive to stress than ear 
growth (Herrero & Johnson, 1980a). However, heat, not drought 
is detrimental for pollen viability (Herrero & Johnson, 1980b; 
Schoper, Lambert, & Vasilas, 1985).

Activation of heat shock proteins (HSP) is a universal stress 
response in virtually all organisms. These proteins function as 
molecular chaperons, preventing proteins from misfolding, dena-
turing, and degrading in order to support vital functions during 
stress episodes (Al-Whaibi, 2011). Genes annotated in GO catego-
ries “protein folding” and “response to heat” were among the top 
up-regulated genes in the leaf and there was a significant overlap 
between stress-induced genes found in our study and those found 
in sorghum seedlings (Johnson et al., 2014), suggesting conserved 
stress responses in leaves of C4 grasses. Many leaf-expressed HSP 
have predictive subcellular localization in chloroplasts which indi-
cates that they may function to protect chloroplasts from stress 
(Hu et al., 2015). In the ear, heat shock genes were activated two 
stages later than in leaves, with smaller numbers and lower fold 
changes. In total, only 30 heat shock genes were induced in ears, 
and the genes with the largest change were HSP90 and HSP70 
which are also induced in the leaf under heat stress. Heat shock 
proteins of this type are thought to be molecular chaperons that 
stabilize newly synthesized proteins to support their function 
under unfavorable conditions (Al-Whaibi, 2011).

One possible interpretation of the different dynamics of heat 
shock proteins in the leaf versus the ear is related to different tissue 
functions. The leaf senses and then rapidly responds to the changing 
environment by the activation of heat shock genes to protect chlo-
roplasts. In contrast, in the ear, it takes a longer time to activate heat 
shock genes where their function may be related solely to stabilizing 
proteins under stressful conditions. The stronger response of heat 
shock proteins in leaves may be explained by the importance of chlo-
roplast maintenance and the threat of water loss through transpira-
tion. No heat shock genes were induced in the tassel, suggesting that 
it may be insulated from stress better than the other organs.

4.3 | Retarded ear growth correlates with the 
down-regulation of DNA replication and cell-cycle 
genes and the up-regulation of oxylipin biosynthetic 
genes under stress

Like previous studies (Boyer & Westgate, 2004; Westgate & Grant, 
1989) we have shown that ear growth is very sensitive to abiotic 
stresses. However, limited data are available to explain the molecular 
mechanisms of the inhibition of ear growth under stress at devel-
opmental stages prior to silk emergence. Our RNA-seq data show 
that the first stress response in early V12 stage ears is a massive 
down-regulation of genes involved in DNA replication, cell cycle, and 
cell division (Figure 5d). About 140 genes within these categories 
had a >1.5-fold decrease. Down-regulation of DNA replication and 
cell-cycle genes ultimately leads to arrested cell division and cessa-
tion of ear growth. A similar response was observed in maize leaves 
whereby both cell division and cell expansion were down-regulated 
under DRT in concert with a decrease in cell cycle gene expression 
(Avramova et al., 2015). In addition, down-regulation of cell cycle 
genes was observed in drought stressed ovules, which is thought to 
be a cause of early kernel abortion (Kakumanu et al., 2012).
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At the V12 stage, the greatest number of up-regulated genes 
was in the “oxylipin biosynthetic process”, “lipid biosynthetic pro-
cess”, and “response to abscisic acid stimulus” categories. Activation 
of ABA-signaling pathways was expected, but the up-regulation of 
the oxylipin pathway appears to be novel. The most studied oxylipin 
is the plant defense hormone jasmonate, with a broad range of func-
tions in growth, development, biotic (Wasternack & Hause, 2013) 
and abiotic stress responses (Savchenko, Zastrijnaja, et al., 2014). 
Upstream genes in the biosynthetic oxylipin pathway AOS, LOX1, 
LOX3, LOX6 and two lipoxygenase genes with no specific names 
(GRMZM2G015419, GRMZM2G009479) were up-regulated. Similar 
drought induced expression of LOX genes has been observed in the 
leaf elongation zone (Avramova et al., 2015). Induction of these genes 
by drought may lead to an accumulation of 12-oxo-phytodienoic acid 
(12-OPDA), a precursor of jasmonic acid as was shown in Arabidopsis 
(Savchenko, Kolla, et al., 2014). The up-regulation of three maize ho-
mologs of the COI genes, which encode the jasmonate receptor that 
plays a key role in JA-signaling (Wasternack & Hause, 2013), were 
also found. Jasmonates are known repressors of cell-cycle genes 
especially in dividing tissues (Pauwels, Inze, & Goossens, 2009; 
Pauwels et al., 2008; Shyu & Brutnell, 2015). The activation of jas-
monate biosynthesis and signaling pathways in developing ears may 
lead to repression of DNA replication, cell cycle, and cell division 
genes resulting in ear growth inhibition. We propose that jasmon-
ates (or their precursors) may be the factors controlling ear growth 
under abiotic stress conditions which is supported by the emerging 
function of jasmonates in abiotic stress responses beyond their well-
known roles in biotic stress responses (Kazan,2015; Liu et al., 2015).

4.4 | Spikelet initiation is tolerant to stress which 
correlates with the stable expression of inflorescence 
meristem genes

Robust spikelet initiation was observed in ears under abiotic stress 
conditions. In Woodland, there was no difference between treat-
ments in the final number of spikelets formed on the ear. While in 
Johnston, the spikelet number was modestly reduced under drought 
as compared to a dramatic reduction in ear length. Moreover, a study 
of nine Pioneer inbred lines showed a limited effect of drought on 
spikelet initiation and final number (Figure 2h). Spikelet number is 
determined by local auxin biosynthesis and auxin signaling in the 
inflorescence meristems that produces SPM and SM (Barazesh 
& McSteen, 2008; Gallavotti, 2013). There are at least six maize 
genes with well-established functions in spikelet initiation: BAF1 
is required for ear formation (Gallavotti et al., 2011), VT2 and SPI1 
function in local auxin biosynthesis (Gallavotti, Barazesh, et al., 
2008b; Phillips et al., 2011), and ZmPIN2a, BIF2, and BA1 regulate 
auxin transport and signaling (Barazesh, Nowbakht, & McSteen, 
2009; Gallavotti, Yang, et al., 2008; Gallavotti et al., 2004). Our data 
show that none of these genes are repressed in ears under drought 
stress (Figure 7). This finding is consistent with the limited effect 
of stress on the spikelet number (Table 4). Additionally, no signifi-
cant expression differences were detected in genes controlling the 

inflorescence meristem size and maintenance (KN1, FEA2, 4, TD1), or 
meristem determinacy (RA1, 2, 3, BD1) (Table 4). These findings sug-
gest that the initial steps in ear development are tolerant to abiotic 
stress. Despite the severity of abiotic stress in this experiment, the 
DRT stressed ears still generate spikelet numbers similar to that of 
WW ears. Spikelet initiation may be relatively resistant to abiotic 
stress in order to keep the possibility of returning to full reproduc-
tive competence, if water limited conditions abate.

4.5 | Down-regulation of floral development genes 
is consistent with the formation of defective ovaries 
under stress

Each spikelet (axillary) meristem (SM) gives rise to a floral meristem 
(FM) which develops into the gynoecium and terminates in forma-
tion of the ovary. The ovary is composed of the embryo sac and 
silk, a stigmatic structure which accepts pollen and facilitates ferti-
lization. Floral development is mostly governed by the MIKC-MADS 
box transcription factors (Coen & Meyerowitz, 1991). There are 43 
known MIKC MADS genes in the maize genome (Zhao et al., 2010) 
and 16 of them were found to be down-regulated in stressed ears, 
which is about 40% of all maize MADS box genes (Table 4). MADS 
proteins work in quadruple complexes and their combination defines 
specification of the floral organs (Coen & Meyerowitz, 1991). To some 
extent this model is pertinent for flower morphogenesis in grasses 
as well (Ciaffi, Paolacci, Tanzarella, & Porceddu, 2011). Stress sensi-
tive MADS genes represent all functional A, B, C, D, and E classes 
(Table 4). MADS box genes that encode proteins that form the heter-
odimers ZAG1 and ZAG3 (BDE1) (Thompson et al., 2009) were both 
down-regulated under stress. Interestingly, ZMM16 which was down-
regulated by stress in our study (Table 4) was identified as a drought 
QTL in tropical maize suggesting a putative role in stress adaptation 
(Almeida et al., 2014). In addition, ZMM16 was also identified as a po-
tential QTL candidate for accumulation of the ABA metabolite phaseic 
acid in ears (Setter et al., 2011). Non-MADS floral genes APETALA2-
like transcription factors (TS6, tasselseed6) and DL1 (drooping leaves), 
homologs of the rice YABBY transcription factor, were also down-
regulated in stressed ears.

The key gene for embryo sac development, IG1 (indeterminate 
gametophyte) (Evans, 2007), was also down-regulated by stress. This 
finding sheds light on the observation that even short periods of 
water limitation can lead to abnormalities in embryo sac development 
(Moss & Downey, 1971). The down-regulation of the FERONIA ho-
molog is intriguing. In Arabidopsis a receptor-like kinase FERONIA is 
required for the pollen tube interaction with the synergids (Escobar-
Restrepo et al., 2007). The function of the maize homolog has yet to 
be shown, but we can speculate that down-regulation of the FERONIA 
homolog might impair efficacy of fertilization under abiotic stress 
conditions. Collectively, many genes involved in gynoecium develop-
ment are suppressed under drought stress, which ultimately leads to 
the formation of defective ovaries and a failure to produce kernels. 
Due to acropetal ear development, this process is most prominent at 
the ear tip where the youngest florets are positioned.
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5  | CONCLUSION

The monoecious nature of maize allowed us to test and identify dif-
ferential effects of abiotic stress on three key plant organs: leaf, ear, 
and tassel. Our results indicate that each organ perceives different 
levels of stress which in turn drive a differential growth and devel-
opmental response. The tassel displayed the lowest transcriptional 
response to stress relative to the other organs and thus seems to 
be relatively well insulated from abiotic stress. This may be related 
to the evolutionary strategy prioritizing pollen which can be dis-
persed over wide distance over female organ development, which 
are immobilized in the drought-stressed environment. In contrast 
the ear has distinct and independent responses to drought in that 
organogenesis (spikelet initiation) appeared to be relatively stable 
under drought stress while organ extension (ear length) was signifi-
cantly altered. The reduction in ear growth under drought stress 
was associated with the down-regulation of gene expression from 
pathways involved in DNA replication, cell-cycle, and cell division. 
This is consistent with published observations that inhibition of cell 
division is a common response to drought stress in plant organs such 
as silks (Fuad-Hassan et al., 2008), ovaries (Kakumanu et al., 2012), 
endosperm (Setter & Flannigan, 2001), and leaf meristem (Avramova 
et al., 2015). Our results also suggest that jasmonates may be media-
tors of cell cycle suppression (Kazan, 2015; Pauwels et al., 2008), but 
this hypothesis would need to be tested.

It is important to emphasize that the B73 line used in this study 
was released in 1972 and represents “older genetics” that is more 
susceptible to abiotic stress. In recent years advanced drought 
tolerant germplasm has been created; for example, Optimum® 
AQUAmax™ hybrids (Gaffney et al., 2015). It would be interesting to 
contrast the phenotypic and transcriptional changes in the parents 
of these modern drought tolerant hybrids with that of B73 to de-
termine which attributes have been altered by breeding for abiotic 
stress tolerance.
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