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Abstract

Drought stress is a major challenge for the production of maize (Zea mays L), leading to reduced growth of aerial
parts and, to a large extent, reproductive stages of development. We applied the 454 GS FLX titanium platform
to identify drought differentially regulated genes in the maize vegetative and reproductive tissues. A total of 2,199
genes of which 1,284 in reproductive and 915 in vegetative tissues were identified by the platform. Quantitative
RT-PCR of differentially expressed genes was carried out to confirm their expression. The results showed that
the transcripts were correctly assembled and represented actively expressed genes, which genes were further
subjected to gene ontology analysis for biological processes, molecular function and cell component functional
terms. Significantly enriched terms indicates that catabolism of proteins and maintenance of cellular homeostasis
processes were significantly enriched in the vegetative tissues, while on the other hand carbohydrate metabolism
was enriched in the reproductive tissues. Photosynthesis, and energy metabolism as well as protein biosynthesis
were highly repressed in both tissues. These add to the concept that drought stress target photosynthesis and
causes a transition of metabolism from protein synthesis by repressing amino acid biosynthesis and translation to
degradation by inducing the ubiquitin-proteasome pathway. Identified genes are potential candidates for maize

improvement through transgenic and mutagenic approaches.
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Introduction

Drought, also known as water deficit, can result
from insufficient moisture for a plant to grow ade-
quately and complete its life cycle. Insufficient mois-
ture can be the consequence of a shortage in rain-
fall, coarse textured soils that retain little water in the
root zone, or drying winds (Swindale and Bidinger,
1981). Drought stress is one of the factors that most
strongly limit the natural distribution of plant species,
their growth and productivity worldwide (Tuberosa
and Salvi, 2006; Des Marais et al, 2012). As the world
population continues to grow and water resources
for crop production decline, the demand for water
in non-agricultural sectors is increasing (Vermeulen
et al, 2013). This implies that there will be less op-
portunity to increase crop productivity through more
irrigation, especially for dry-land crop production ac-
tivities.

Reproductive development in plants show sensi-
tivity to drought during floral initiation and the pre-
meiotic differentiation of floral parts, with the most
dramatic effects on yield recorded when stress co-
incides with the period between the onset of meio-
sis and early grain initiation (Saini, 1997). The effects
of drought stress on reproductive processes in ce-

reals has been extensively reviewed by Barnabas
et al (2008). The success of cereal reproduction as
well as the realization of the yield potential of a giv-
en cultivar, however, are dependent not only on the
stress sensitivity of the reproductive and grain-filling
developmental stages, but on overall plant growth,
development and function. Efficient photosynthe-
sis and stem reserve accumulation during the veg-
etative phase has a decisive role on the formation of
generative organs and thus may directly affect final
yield (Blum et al, 1994). Major symptoms exhibited by
drought stressed plants include; photo-oxidative cel-
lular damage, increased leaf senescence as well as
reduced leaf expansion, carbon fixation, and negative
effect on reproductive development. In total these
processes result in reduction in carbon assimilation,
which brings about the ultimate detrimental effect
of reduced vyield, and have been reported in cere-
als such as wheat (Triticum aestivum) (Kirigwi et al,
2004), maize (Zea mays) (Rebaut et al, 1997), grain
sorghum (Sorghum bicolor) (Agboma et al, 1997),
rice (Brevedan and Egli, 2003), barley (Ahmed et al,
2013), and other crop species. The emerging mo-
lecular approaches and understanding of the effect
of responses and adaptation to drought is beginning
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to be revealed in the plant genome. Understanding of
how the involved processes are affected is of particu-
lar interest for improving drought tolerance in model
species and application to the wider plant kingdom.

Plants, as sessile organisms, evolved appropriate
mechanisms to cope with temporary water limitations
in order to ensure their survival and reproduction. Dif-
ferent mechanisms of drought tolerance have been
reported for maize (Ribaut et al, 2009) and several
plant species (Twyman et al, 2002; Nayyar, 2003).
These mechanisms are often reflected at the tran-
scription level, where the levels of mMRNA related to
key processes are differentially expressed (Le et al,
2012; Ranjan et al, 2012). The early events of plant
responses to drought stress are the stress signal per-
ception and subsequent transduction which lead to
the activation of various molecular, biochemical and
physiological responses (Hadiarto and Tran 2011).
However, some of these events are post-translation-
al, which later lead to transcriptional and translational
changes. According to Yamaguchi-Shinozaki (2006),
many of the genes that are known to respond to
drought stress have been identified, and the products
of these genes can be classified into two groups. The
first group includes proteins that probably directly
protect against stress such as enzymes for osmo-
lyte biosynthesis, LEA proteins, and detoxification
enzymes. The second group consists of enzymes
involved in biosynthesis of signaling molecules, tran-
scription factors, protein kinases and phosphatases.
Coordinated action of these groups of genes enable
plants to respond in ways that render drought toler-
ant or susceptible.

Genomic technologies including transcriptome
analyses have provided high throughput integrated
approaches to investigate global gene expression
responses to drought. These transcriptome analyses
has been shown to be powerful tools for the discov-
ery of more stress-inducible genes and markers in-
volved in stress response and tolerance, and been
reported in different plant species such as Arabidop-
sis (Harb et al, 2010; Des Marais et al, 2012), maize
(Kakumanu et al, 2012), rice (Yang et al, 2013), wheat
(Ranjan et al, 2012), and soybean (Zhang et al, 2013).
A cDNA microarray containing about 2,500 cDNAs
from maize was used to monitor gene expression in
developing maize endosperm and placenta-pedicel
tissues during water deficit and re-watering (Yu and
Setter, 2003). Recently, the maize expression pro-
files during responses to drought and other stresses
were analyzed using different techniques such as oli-
gonucleotide arrays (Hayano-Kanashiro et al, 2009),
RNA-Seq (Kakumanu et al, 2012), and a customized
Affymetrix microarray (Humbert al, 2013).

While these expression studies in maize in re-
sponse to water stress have investigated different
organs such as roots, developing kernels or particu-
lar developmental stages as revealed by the above
investigations, it is imperative to use knowledge
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gained from this previous studies and availability of
whole genome sequences and public data bases in
a broader perspective. This underscores the critical
role model species are playing in unraveling drought
responses and how these new insights on the mech-
anisms of tolerance to drought are suggesting novel
approaches to engineer the next generation of bio-
tech crops.

To understand the early drought responses, we
focused on the identification of genes expressed at
drought sensitive maize ovaries 1-3 days after pol-
lination (DAP) (Andersen et al, 2002) and the basal
leaf meristem regulating drought-responsive vegeta-
tive leaf growth (Tardieu and Granier, 2000). To un-
derstand the functional significance of differentially
regulated genes, identified genes were subjected to
gene ontology analysis for biological processes (BP),
molecular function (MF) and cellular components
(CC). These add to the concept that drought stress
target photosynthesis and causes a transition of me-
tabolism from protein synthesis by repressing amino
acid biosynthesis and translation to degradation by
inducing the ubiquitin-proteasome pathway.

Materials and Methods

Maize plant material and drought stress conditions

Maize plants from inbred line B73 were grown in
10 | pots in a 1:1:1 mix of peat:vermiculite:perlite with
6 g pulverized limestone, 35 g of CaSO,, 42 g of pow-
dered FeSO,, 1 g of trace fritted element (Setter et al,
2001). The plants were hand irrigated enough on daily
basis to leach excess nutrient salts. Plants were sup-
plied on weekly basis with a general purpose fertil-
izer, 15-16-17, (Scott-Sierra Horticultural Product Co,
Marysville, OH) dissolved in water to provide 50 kg
N-P,0,-K,0 ha’. Plants were grown under well wa-
tered conditions until they reached the reproductive
stage (at the onset of silk emergence), when irrigation
was withheld for half of the plants. One to two days
after irrigation was withheld the plants were hand pol-
linated and 24 hours after pollination measurements
and samples were collected for RNA analysis. At this
stage drought stressed plants had undergone to two
or three days of drought stress and controls were well
watered throughout this period.

At the end of the drought period, soil moisture
content (SMC%) and the physiological measure-
ments of chlorophyll fluorescence parameters (Fv
Fm-") were determined. The basal leaf meristerm and
ovary tissues corresponding with one day after pol-
lination (Andersen et al, 2002) were sampled on half
of the plants (well watered and drought stressed). In
each drought stress level, samples were identified as
well watered control leaf (LC), well watered control
ovaries (OC), drought stressed leaf (LD) and drought
stressed ovaries (OD).

GS-FLX data analysis
GS-FLX Read sequences from the two develop-
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Table 1 - Effect of Drought Stress on Soil Moisture Content and Plant Physiological Responses.

Plant Treatment Soil Moisture Relative Water Chlorophyll
Species Content (SMC) Content (RWC) Fluorescence
(cm®cm) (%) (Fv Fm™)
Maize Control 0.46a 96.7a 0.76a
Drought stressed 0.12b 77.7b 0.64b
LSD (0.05) 0.012 9.88 0.001
P value <0.0001 <0.0001 <0.0001

mental stages of four libraries (LC, LD, OC, OD), that
were trimmed for low quality and primer sequences
were masked for plant repeat sequences. Reads
were unmasked (non-repeat) sequence length of at
least 100 bp were used for further analysis. These
reads were mapped to the maize inbred B73 ge-
nomic cDNA sequences (www.maizesequence.org)
by BLASTN. Reads mapping with BLASTN e-values
< 10 and bitscore > 100 were used for further analy-
ses. The number of reads mapping to the total length
of the maize gene, and separately to the last 1,000
bp of the gene sequence were recorded. In a given
library genes with three or more matching reads were
considered present in that library. Comparisons were
made between the libraries; MLC against MLD and
MOC against MOD, and genes present in at least one
of them were used calculate the log2 ratio based on
the number of hits within the last 1,000 bp of a gene.

Quantitative realtime-PCR (qRT-PCR) analysis
Differentially expressed genes were validated by
performing gRT-PCR on a set of selected transcripts.
This set was chosen to represent the genes which are
specific to different developmental tissue (Vegetative
and Reproductive). The PCR primers were designed
using Molecular beacon software, primer length 20
- 25 nucleotides, and an expected amplicon size of
100 - 125bp. The comparative Ct method of quantita-
tion was used with the Tubulin gene as a reference.
The relative fold-change for each of the selected
genes was detected from both the drought and con-
trol plants. Three independent biological replicates
of each sample and two technical replicates of each
biological replicate were used for real-time PCR anal-
ysis. For each sample, 1 pg total RNA from one of the
biological replicates was converted into cDNA using
oligodT 15-mer (Promega) and Superscript lll reverse
transcriptase (Invitrogen Life Technologies, Carlsbad,
CA). This cDNA was diluted to 250 pl in sterile water.
Validation experiments were performed on 5 to 6 log
dilutions of each of the target genes together with the
Actin reference to determine if the amplification ef-
ficiencies were equal. Triplicate gRT-PCR reactions
were performed using IQT™SYBR® Green Supermix
(Bio-Rad, Hercules, CA), The PCRs were performed
in a Bio-Rad iQ5™ thermocycler (Bio-Rad, Hercules,
CA). The temperature regime used was 95°C for 10 m
followed by 40 cycles of 30 s at 95°C, 45 s at 55°C
and 45 s at 72°C. Melting curve analysis by apply-
ing increasing temperature from 55°C to 95°C (0.5°C

10 s') and gel and gel electrophoresis of final prod-
uct confirmed single amplicons. Negative control
reactions using untranscribed RNA were also run to
confirm absence of genomic DNA. The relative fold
change for a particular target was determined by
comparing the Ct values for the treatment with that of
the control. The Ct values were normalized using the
Ct reference (tubulin) prior to comparison.

Gene ontology analysis

To understand the functional significance of differ-
entially regulated genes Fisher’s exact test was per-
formed for declaring a GO (Gene Ontology) category
as significantly over-represented (Benjamini-Yekutieli
method for controlling FDR, adjusted p-value < 0.05)
using PlantGSEA toolkit (Yi et al, 2013). Terms with P
< 0.05 were declared significantly enriched.

Results and Discussion

Physiological responses to drought stress and
identification of differentially regulated genes

The imposing of drought stress significantly re-
duced soil moisture content from 0.46 cm® cm®
(controls) to 0.12 cm?® cm for drought stressed treat-
ment (Table 1), a response of 78.3% reduction. The
soil water potential of each treatment was 0.003 Mpa
(controls) and 1.02 for drought stressed treatment. In
response to this decline in soil moisture content, leaf
relative water content dropped from 96.7 % (controls)
to 77.7% (drought stressed), representing a 20% re-
duction in the ratio. Chlorophyll fluorescence signifi-
cantly dropped by 13% from 0.76 to 0.64. The level of
drought stress at the soil water potential can be de-
scribed as severe as previously determined by Chen
et al (2012). Previous and similar studies revealed that
this level of drought stress inhibited photosynthesis,
disrupted carbohydrate metabolism and decreased
kernel number (Zinselmeier et al, 1994, 1995; Chen
et al, 2012).

Global gene expression analysis in maize from
the two tissues (leaf meristem and reproductive) us-
ing GS-FLX pyrosequencing enables a genome wide
comparison of differentially expressed genes under
drought stress conditions. Further, the system identi-
fied 2,199 genes in the LC, LD, OC, and OD libraries
(Table 2). Out of these, 1,284 genes were from the
leaf libraries and 915 responded to drought. The ac-
curacy of the GS-FLX pyrosequencing was verified
by selecting ten genes that were previously associ-
ated with dehydration stress (drought, cold and salin-
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Table 2 - Rice - maize gene orthologs identified by the GS-FLX pyrosequencing platform.

Library Read Number® Maize Gene Genes Comparable
Best Hits® Present* Genes'

LC 14,472 3,424 569

LD 17,718 4,420 863 1,284

OoC 39,768 390 138

oD 16,499 4,244 837 915

SNumber of reads with at least 100 bp were used for analysis.

fReads that mapped to maize (B73) genomic cDNA sequences with a BLASTn e-value < 10° and mapping to the total length

of maize gene, and separately to 1,000 bp of the gene sequence.
*Genes with at least three read matches are considered present.

YGenes present in at least one of the libraries are compared for their expression level.

ity stress) and subjecting them to qRT-PCR (Table 3).
These genes were found to be drought responsive
in maize (Benesova et al, 2012; Peng et al, 2012) its
relatives (Aprile et al, 2013) and other plant species
(Kim et al, 2004; Bhaskara et al, 2012). The observed
Pearson correlation between GS-FLX log, ratio and
gRT-PCR data was 0.701 (Ddata not shown). In view
of these identified genes were subjected to gene on-
tology analysis.

Up-regulated genes in the vegetative tissues indi-
cate the effect of drought on protein degradation
and re-establishment of cellular homeostasis.

Gene ontology (GO) analysis for biological pro-
cesses of the up-regulated genes revealed that ca-
tabolism of proteins (GO:0030163) was significantly
enriched in the drought-stressed vegetative tissues
(Table 4). The gene, 26S-protease regulatory subunit
(GRMZM2G137528), is part of the ubiquitin- and pro-
teasome proteolytic pathway involved in the turnover
of misfolded proteins and hormone-mediated sig-
nal transduction (Ingvardsen and Veierskov, 2001;
Lyzenga and Stone, 2011). Protein degradation is a
normal cellular activity, but an increase is degrada-
tion in response to drought can be interpreted as the
result of excessive protein damage. This turnover is
necessary for the removal of abnormal or damaged
proteins and for altering the balance of proteins and,
in a worst-case scenario, apoptotic degradation of
damaged cells. On the other hand protein degrada-
tion can be an adaptive response to drought. This
was demonstrated by drought tolerance observed in
Arabidopsis (Lee et al, 2009) and Nicotiana tabacum

(Guo et al, 2009) as a result of enhancement of the
protein degradation processes involved.

The processes, cell redox homeostasis
(GO:0045454) and regulation of biological quality
(GO:0065008) are generally involved in the mainte-
nance of cellular homeostasis. These processes are
deemed important as stress adaptive responses and
signalling for the reestablishment of cellular homeo-
stasis under stress conditions, to control and repair
stress damages, and coordinate cell division and ex-
pansion to levels suitable for water deficit. Therefore,
once cellular homeostasis is reestablished, stress in-
jury would be reduced. Genes involved in these pro-
cesses belong to the theoredoxin superfamily. These
genes are thioredoxin_H type (GRMZM2G082886),
theoredoxin_M type (GRMZM2G170008), glutare-
doxin subgroup | (GRMZM2G150295) (Table 4).
Drought stress can result in changes in the chloro-
plast, mitochondria, and cytosol redox state, lead-
ing to oxidative damage to biological membranes
and proteins. Several lines of evidence indicate that
theoredoxins can relieve oxidative stress by modu-
lating both the activity of enzymes scavenging ROS
and other functions related to control of cell redox
homeostasis (Broin and Rey, 2003; Dos Santos and
Rey, 2006) by re-reducing the oxidized -S-S- groups
in enzymes involved in metabolism (Buchanan and
Balmer, 2005). Induction of these genes by drought
likely results from the changes in cellular redox state,
and the proteins participate in response to oxidative
stress within organelles (chloroplasts and mitochon-
dria) and in the cytosol upon oxidative stress. It is

Table 3 - Maize-rice ovary differentially expressed orthologous genes in both the leaf and ovary libraries.

Maize-ID Annotation Log, Ratio® Relative Expression®
GRMZM2G136364 Lipid binding protein 7.9432 0.77 (0.31)
GRMZM2G147014 Dehydrin_COR14 3.6825 0.77 (0.30)
GRMZM2G134628 ABI-2 (PP2C) 0.5473 0.53 (0.79)
GRMZM2G173124 Zinc finger protein_CCCH type 2.6236 1.26 (0.30)
GRMZM2G129018 CIPK:-like protein_1 1.0623 1.02 (0.78)
GRMZM2G 137839 Class_1 heat shock protein 1.5079 0.90 (0.25)
GRMZM2G046382 Cytosolic ascorbate peroxidase 1.1322 1.04 (0.25)
GRMZM2G 129246 Hydroxyacid oxidase_1 -1.1399 -1.00 (0.19)
GRMZM2G139467 Cytochrome_P450_93A3 -0.4515 -0.89 (0.26)
GRMZM2G162200 RUBISCO activase -1.6590 -2.34 (0.31)

$The log?2 ratio as determined by rice microarray.

&Relative expression by gRT-PCR analysis of the maize reproductive tissue.
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Table 4 - Enriched gene ontology terms in vegetative tissues in response to drought stress.
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Gene ID GO Term Description and Gene annotation Category P Value FDR
up-regulated genes and functional categories

G0:0045454 cell redox homeostasis GO_BP 4.14E-06 6.08E-05

GRMZM2G170008 thioredoxin_M type, chloroplast precursor

GRMZM2G150295 Grx_C2.2-glutaredoxin subgroup |

GRMZM2G082886 theoredoxin_H type

(G0:0030163 protein catabolic process GO_BP 4.23E-03 0.0207

GRMZM2G137528 26S protease regulatory subunit 8

G0:0006662 glycerol ether metabolic process GO_BP 1.36E-03 0.01

GRMZM2G170008 thioredoxin_M type

G0:0019288 Isopentenyldiphosphate biosynthetic process mevalonate-independent pathway GO_BP 1.77E-4 1.92e-3

GRMZM2G027059 4-hydroxy-3-mthylbut-2-enyl disphosphatereductase
down-regulated genes and functional categories

G0:0015979 photosynthesis GO_BP 4.82E-16 6.02E-14

GRMZM2G024150 photosystem | reaction centre subunit

GRMZM2G139803 ferridoxin-theoredoxinreductase, variable chain

GRMZM2G016677 oxygen evolving enhancer protein 2

GRMZM2G016066 photosystem | reaction center subunit IVA

GRMZM2G132506 photosystem Il reaction centre W protein

GRMZM2G085646 photosystem | reaction centre subunit Il

GRMZM2G026015 photosystem | reaction centre subunit XI

GRMZM2G080107 photosystem | reaction centre subunit N

GRMZM2G021256 oxygen evolving enhancer 3 protein

G0:0006412 translation GO_BP 9.85E-06 6.15E-04

GRMZM2G153476 308 ribosomal protein S13

GRMZM2G113873 508S ribosomal protein L6

GRMZM2G176820 508 ribosomal protein L11, chloroplast precursor

GRMZM2G018403 508 ribosomal protein L21

GRMZM2G170870 ribosomal protein L6

GRMZM2G042061 508 ribosomal protein L28, chloroplast precursor

GRMZM2G113414 translation initiation factor SUI1 homolog2

G0:0006414 translational elongation GO_BP 7.63E-04 0.0268

GRMZM2G179976 60S acidic ribosomal protein Po

GRMZM2G106061 elongation factor Tu

(G0:0019288 isopentenyldiphosphate biosynthetic process GO_BP 8.57E-04 0.0268

GRMZM2G027059 4-hydroxy-3-mthylbut-2-enyl disphosphatereductase

G0:0003735 structural constituent of ribosome GO_MF 2.75E-05 2.43E-3

GRMZM2G109165 50S Ribosomal protein L3, chloroplast precursor

GRMZM2G153476 308 ribosomal protein S13

GRMZM2G176820 508 ribosomal protein L11, chloroplast precursor

GRMZM2G018403 508 ribosomal protein L21

GRMZM2G179976 60S acidic ribosomal protein Po

GRMZM2G170870 ribosomal protein L6

GRMZM2G042061 elongation factor Tu

G0:0030170 pyridoxal phosphate binding GO_MF 7.23E-06 1.28E-03

GRMZM2G082185 Cysteine synthase, mitochondrial precursor

GRMZM2G108514 Tyrosine decarboxylase 4

GRMZM2G078143 Serine hydroxylmethyltransferase, mitochondrial precursor

GRMZM2G113873 Cystathionine beta-lyase

(G0:0009538 photosystem | reaction center GO_CC 8.04E-11 3.33E-09

GRMZM2G024150 photosystem | reaction centre subunit

GRMZM2G016066 photosystem | reaction center subunit IVA

GRMZM2G085646 photosystem | reaction centre subunit Il

GRMZM2G026015 photosystem | reaction centre subunit XI

G0:0009654 oxygen evolving complex G0_CC 7.74E-07 1.60E-05

GRMZM2G016677 Oxygen evolving enhancer protein 2

GRMZM2G021256 oxygen evolving enhancer 3 protein

GRMZM2G132506 photosystem Il reaction centre W protein

(0:0005622 intracellular GO_CC 1.80E-03 0.0124

GRMZM2G109165 508 Ribosomal protein L3, chloroplast precursor

GRMZM2G153476 30S ribosomal protein S13

GRMZM2G018403 508 ribosomal protein L21

GRMZM2G179976 60S acidic ribosomal protein Po

GRMZM2G170870 ribosomal protein L6

GRMZM2G106061 Elongation factor Tu

GRMZM2G042061 508 Ribosomal protein L28, chloroplast precursor

(0:0005840 ribosome GO_CC 2.11E-05 2.90E-04

GRMZM2G109165 50S Ribosomal protein L3, chloroplast precursor

GRMZM2G153476 308 ribosomal protein S13

GRMZM2G176820 508S ribosomal protein L11, chloroplast precursor

GRMZM2G018403 508 ribosomal protein L21

GRMZM2G179976 60S acidic ribosomal protein Po

GRMZM2G170870 ribosomal protein L6

GRMZM2G042061 elongation factor Tu
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Table 4 - continued.
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Gene ID GO Term Description and Gene annotation Category P Value FDR
G0:0019898 extrinsic to membrane G0_CC 1.02E-04 1.05E-03
GRMZM2G016677 Oxygen evolving enhancer protein 2

GRMZM2G021256 oxygen evolving enhancer 3 protein

(0:0009536 plastid GO_CC 2.62E-04 2.16E-03

GRMZM2G139803
GRMZM2G016066

G0:0009288
GRMZM2G085747

ferridoxin-theoredoxinreductase, variable chain
photosystem | reaction center subunit IVA

(G0:0009288 bacterial-type flagellum

NAD-dependent malic enzyme 59 Kda, mitochondria precursor

The GO category, P value, and false discovery rate (FDR) for each significantly enriched GO term are shown.

also worth noting the up-regulation of the Isopente-
nyl diphosphate biosynthetic process (GO:0019288).
Isopentenyl disphosphate (IPP) is an intermediate in
the biosynthesis of ABA in plants (Milborrow, 2000),
which confirms the well-established role of ABA in
plant responses to drought stress.

Up-regulated genes in the reproductive tissues ef-
fecting carbohydrate metabolism

In the reproductive tissue, enriched biological pro-
cesses were; carbohydrate catabolism (GO:0030163)
and cellulose biosynthesis (G0:0030244). Genes
involved in these process are periplasmic be-
ta-glucosidase  precursor (GRMZM2G147687),
glucan endo-1,3-beta-glucosidase 7 precursor
(GRMzZM2G127117), betal,3;1,4 glucan synthase
(GRMZM2G122277) (Table 5). Beta-glucosidases
are involved in the selective cleavage of glucose
from polysaccharides; and the glucose may then
re-enter sugar-nucleotide interconversion pathways
(Leah et al, 1995), contributing to the synthesis of
new polysaccharides and other types of polymers.
Most B-glucosidases also possess glucotransferase
activity, which may enable them to act on glucose
units to form a diversity of oligosaccharides (Leah
et al, 1995; Amiard et al, 2003), and other carbohy-
drates that may be important for drought tolerance.
Previous studies in maize show that drought stress
inhibits invertases and that glucose from sucrose is
rendered unavailable under such conditions (Zinsel-
meier et al, 1995). This could represent an attempt by
plant cells to derive glucose from other sources for
primary metabolism to continue during stress. Per-
haps the cleaved glucose may be used in the syn-
thesis of 1,3:1,4-glucan (callose), which could be an
indication that the chemical composition of the cell
wall is altered in these tissues in response to drought
as reported by Ingram and Bartels (1996). The results
suggest that carbohydrate metabolism may be one of
the targets of drought stress or an adaptive response
in reproductive tissues.

Down-regulated Genes in the Vegetative tissue
Indicates the Sensitivity of Photosynthesis and
Proteosynthesis to Drought Stress.

Analysis of down-regulated as well as up-reg-
ulated genes in drought stress is important for un-
derstanding general biological responses to stress.
Identified genes were further analyzed to identify

the biological processes affected significantly un-
der drought. Photosynthesis (GO:0015979 and
GO0:0019684) processes and energy metabolism
(GO:0006091) were among the down-regulated pro-
cesses (Table 5). The same processes are also down-
regulated in the reproductive tissues. Genes taking
part in these processes are; photosystem | reaction
center subunits (GRMZM2G024150), photosystem
Il and | reaction center subunits, and photosystem
Il oxygen-evolving enhancer proteins. Generation of
precursor metabolites and energy (GO:0042592) in
which two ATP synthase genes take part was also
repressed by drought stress. These genes constitute
part of the processes involved in the light reactions
of photosynthesis from oxygen evolution to ATP syn-
thesis by the ATP synthase. These results echo the
reduced photosynthesis indirectly determined by
chlorophyll fluorescence (Table 1), which is consis-
tent with many previous studies showing that drought
stress inhibits photosynthesis. Down-regulation of
photosynthetic genes under drought stress has been
observed in rice (Hazen et al, 2005), barley (Ozturk et
al, 2002; Talame et al, 2007), and soybean (Ranjan et
al, 2012). The down-regulation of photosynthesis can
arise due to oxidative stress, which cause damage to
the photosynthetic machinery. The down-regulation
of the light reactions can be an adaptive mechanism
to reduce further damage to the machinery by exces-
sive light under drought stress.

Processes involved in amino acid biosynthesis,
such as cellular amino acid and derivative metabolic
process (GO:0006519) and organic acid metabolism
(G0O:0006082) and translation (GO:0006412), were
also down-regulated as a result of drought stress
in vegetative tissue. This shows that important pro-
cesses of protein biosynthesis, which are biosynthe-
sis of amino acids and translation of gene transcripts
into proteins, are repressed. For example genes in-
volved in translation, translation initiation factor SU1
(GRMZM2G113414) and translation elongation factor
(GRMZM2G106061) (Table 4) or their homologs have
been reported to be repressed by drought in (Sigh
et al, 2004). It is therefore speculated that the de-
cline in protein biosynthesis (proteosynthesis) could
be caused by protein degradation and the limited
availability of amino acids associated with drought-
induced inhibition of photosynthesis.
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Table 5 - Differentially regulated genes in the maize ovaries.
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Gene ID GO Term Description and Gene annotation Category P Value FDR
up-regulated genes and functional categories
G0:0005975 Carbohydrate metabolic process GO_BP 4.14E-06 6.08E-05
GRMZM2G127117 glucan endo-1,3-beta-glucosidase 7 precursor
GRMZM2G147687 periplasmic beta-glucosidase precursor
(0:0030244 cellulose biosynthetic process GO_BP 5.03E-03 7.54E-03
GRMZM2G122277 beta1,3;1,4 glucan synthase
(G0:0004553 hydrolase activity, hydrolyzing 0-glycosyl compounds GO_MF 6.72e-4 2.02e-3
GRMZM2G127117 glucan endo-1,3-beta-glucosidase 7 precursor
GRMZM2G147687 periplasmic beta-glucosidase precursor
down-regulated genes and functional categories
G0:0015979 photosynthesis GO_BP 0.0114 0.0114
GRMZM2G012397 Photosystem | reaction center subunit psak, chloroplast precursor
(0:0009522 photosystem | GO_CC 1.51E-03 4.54E-03

GRMZM2G012397

Photosystem | reaction center subunit psaK, chloroplast precursor

The GO category, P value, and false discovery rate (FDR) for each significantly enriched GO term are shown.

Conclusions

This study adds to the concept that drought
stress causes a transition of metabolism from protein
synthesis by repressing amino acid biosynthesis and
translation to degradation by inducing the ubiquitin-
proteasome pathway. In addition, photosynthesis is
severely inhibited by repression of genes involved in
both the light and dark reactions. Identified genes will
not only facilitate understanding of genetic basis of
drought stress response, but also accelerate genetic
improvement transformation and mutagenesis, mark-
er-assisted selection in maize.
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