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Effects of Drought on Gene Expression in Maize Reproductive and Leaf

Meristem Tissue Revealed by Deep Sequencing

Akshay Kakumanu

(ABSTRACT)

Drought is a major environmental stress factor that poses a serious threat to food security.

The effects of drought on early reproductive tissue at 1-2 DAP (days after pollination)

is irreversible in nature and leads to embryo abortion, directly affecting the grain yield

production. We developed a working RNA-Seq pipeline to study maize (Zea mays) drought

transcriptome sequenced by Illumina GSIIx technology to compare drought treated and well-

watered fertilized ovary (1-2DAP) and basal leaf meristem tissue. The pipeline also identified

novel splice junctions - splice variants of previously known gene models and potential novel

transcription units. An attempt was also made to exploit the data to understand the drought

mediated transcriptional events (e.g. alternative splicing). Gene Ontology (GO) enrichment

analysis revealed massive down-regulation of cell division and cell cycle genes in the drought

stressed ovary only. Among GO categories related to carbohydrate metabolism, changes

in starch and sucrose metabolism-related genes occurred in the ovary, consistent with a

decrease in starch levels, and in sucrose transporter function, with no comparable changes

occurring in the leaf meristem. ABA-related processes responded positively, but only in the

ovaries. GO enrichment analysis also suggested differential responses to drought between

the two tissues in categories such as oxidative stress-related and cell cycle events. The data



are discussed in the context of the susceptibility of maize kernel to drought stress leading

to embryo abortion, and the relative robustness of actively dividing vegetative tissue taken

at the same time from the same plant subjected to the same conditions. A hypothesis is

formulated, proposing drought-mediated intersecting effects on the expression of invertase

genes, glucose signaling (hexokinase 1-dependent and independent), ABA-dependent and

independent signaling, antioxidant responses, PCD, phospholipase C effects, and cell cycle

related processes.
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Chapter 1

Introduction

Drought stress on maize (Zea mays) reproductive tissue at a very early stage (1-2DAP)

leads to embryo abortion, which is irreversible in nature. Such drastic effects are not seen

in the vegetative tissue and reproductive tissue at a much later stage (8-10DAP). To gain

insights into possible causes of differential sensitivity, we have studied the effects of drought

on the transciptome obtained from well-watered and drought stressed basal leaf meristem

and pollinated ovaries of a fully sequenced maize (B73) genotype.

Ch.2 of this document updates our current understanding of drought stress on maize tissues.

This chapter also describes our motivation in selecting particular vegetative and reproductive

tissues for transcriptome sequencing and comparison. A brief introduction of the Illumina

GSIIx sequencing technology is given in Ch.3. This chapter also gives an outline of the

various tools to perform different steps of RNA-Seq analysis and also gives our rationale for

1



Akshay Kakumanu Chapter 1. Introduction 2

selecting the tools and procedures which constitute our pipeline.

The Gene Ontology (GO) has two components: the ontologies and the annotations that map

gene products to these defined ontologies. Ch.4 of this document describes in detail a few

selected biological process GO terms that were enriched with either up or down regulated

genes in both the tissues. In the latest maize GO annotations, only 8300 genes are annotated

to GO-biological process terms (as of May 2011). Hence, in order to provide an additional

level of analysis, the MapMan software tool was selected for its capacity to view statistically

significant genes in the context of known metabolic pathways, biological processes, and

functional categories. The results obtained from MapMan are explained in detail in Ch.5.

Taking together the interpretations obtained from different steps of our analysis, a working

hypothesis has been formulated. Interpretation and conclusions of the working hypothesis

are described in Ch.6.



Chapter 2

Maize Drought Biology

2.1 Literature Review

According to the Food and Agriculture Organization (FAO), maize (Zea mays) is the most

widely grown cereal crop in the United States (http://www.fao.org/corp/statistics/

en/). Since maize has a wide variety of uses ranging from animal stock to fuels, yield loss

results in many undesirable consequences. The yield loss in maize is directly affected by

embryo abortion, which takes place when plants experience abiotic stress such as drought

during their reproductive phase [1, 2, 3]. Similar effects have also been reported for wheat

(Triticum aestivum), barley (Hordeum vulgare, soybean (Glycine max ), and chickpea (Cicer

arietinum), suggesting a widespread phenomenon in the plant world [3]. Embryo abortion is

observed even when drought stress is relieved before fertilization has occurred [4], suggesting

3
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that the vulnerability is caused by the influence of drought on the maternal tissue, which

develops extensively both before and immediately after fertilization [1]. Ovaries in tissue

subjected to drought stress or with a previous history of drought stress stop growth within

1-2 days after pollination [5], suggesting a direct correlation between tolerance to drought

stress in female floral parts and yield in maize [3]. In cases where the drought stress was

applied before fertilization, increased levels of reactive oxygen species (ROS) are expected to

exist in the maternal tissues and participate in other related molecular events, since this is a

universal response of plant cells to an abiotic stress such as drought, as reviewed previously

[6, 7]. An altered, and potentially more oxidized, environment is thus created, within which

the embryo and endosperm begin their development.

The main source of sugar substrates to the developing embryo are known to be supplied by

a hexose supply pathway involving soluble and cell wall invertases, and the availability of

sugar substrates within the developing embryo is directly correlated with embryo abortion

[2]. Expression of lvr, a soluble invertase, was shown to be the most vulnerable to drought

stress at 3DAP, with cell wall associated invertase also showing a decrease at that time [1].

The levels of invertase substrate sucrose are higher in drought stressed than in well-watered

maize ovaries from -6 to +7DAP [1]. A set range of sucrose to hexose ratios has been shown to

be crucial for seed development [8], and this ratio appears to be altered during drought stress

at this early stage. Sugars function both as a nutrient source and as a signaling molecule

in plant cells [9, 10]. Aample evidence exists suggesting distinct cellular glucose and sucrose

signaling pathways [11, 12]. Along with the important metabolic role carried out by cell wall
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invertases, sugars are also likely part of a signaling pathway, since they are known to form

complexes in the nucleus with PIP5K9, a component of the phosphoinositol signaling system

[13]. Hence, it is very likely that many pathways regulated by sugar signaling are influenced

under drought stress in the reproductive tissue at this early stage.

Another manifestation of drought stress in the reproductive tissue is the increase and accu-

mulation of abscisic acid (ABA) levels. Drought mediated increase in ABA levels has been

shown to take place at around 9DAP and has the potential to affect many down stream

process [14, 15]. An influence of ABA on apoplastic sugar transport (involving cell wall in-

vertase and hexose transporters) and pollen sterility was observed in cold stressed rice [16].

Similar effects of increase in ABA on the pollen sterility have also been shown in wheat [17].

Increase in ABA levels has also been correlated with a decrease in kernel set [3]. However,

no comparable effects of ABA on developing maternal tissue either before, or immediately

after, pollination in maize have yet been reported.

Effects of drought on endosperm cell division, sugar metabolism/signaling, auxin and ethylene-

related processes, the behavior of MADS box genes, and polyamine and trehalose metabolism

have all been proposed as part of the chain of events surrounding embryo abortion in maize

and rice [18, 19, 20, 2, 3]. Most of these studies, such as those cited above, were conducted

on fertilized ovaries from 8 days after pollination onward. The only exceptions are the lower

levels of starch and the well established early responses of cell wall and soluble invertases to

drought stress at 1DAP, at both the transcript and enzyme activity level, immediately after

pollination [1, 19].
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To date, few genome-wide approaches to this phenomenon have been reported. A small

cDNA microarray containing about 2,500 cDNAs from maize was used to monitor gene

expression specifically in developing maize endosperm and placenta/pedicel tissues during

water deficit and re-watering at 9 days after pollination [18], a time when endosperm and

placental tissues could be clearly distinguished. A transcriptomic study of the effect of

drought on maize ears and tassels undergoing meiosis revealed the up-regulation of raffinose

and trehalose-associated genes, as well as other carbohydrate-related processes [21]. Be-

yond these observations, little is understood about the chain of molecular events leading to

early embryo abortion in drought stressed maize, and virtually nothing is understood about

crucial events occurring upon fertilization. Gene expression studies in maize in response

to water stress have been investigated in roots [22], seedlings [23], and developing ear and

tassel [21]. Genome wide comparisons between the drought stress responses across different

developmental stages in maize have not yet been made.

2.2 Tissue Sampling for Transcriptome analysis

Most of the drought experiments on maize as mentioned in the previous section were con-

ducted on fertilized maize ovaries (8DAP), yet irreversible drought mediated embryo abortion

is observed immediately after pollination. Effects of drought on the maize transcriptome at

this early, and crucial, stage of ovary development have not, as yet, been characterized, and

whether or not the various pathways invoked in the studies enumerated above contribute
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to the observed cessation of embryo growth in stressed plants as early as 1-2DAP is as yet

unknown. To advance our understanding on the effects of drought at this early crucial stage,

we have chosen to study drought treated ovaries one day after pollination (Figure 2.1(b)).

We wanted to compare the heightened sensitivity of the recently fertilized ovaries to drought

stress with an actively dividing non-reproductive tissue in the same plant under the same

drought stress condition to gain insights into the possible differential sensitivity. In mono-

cotyledon leaves, such as maize, cell division is restricted to a very limited zone near the

leaf insertion points [24] (Figure 2.1(a)). Hence, we have chosen basal leaf meristem from

the three youngest leaves of maize plant at the 12-leaf stage. Table 2.1 shows comparable

gene expression between leaf meristem and ovaries in GO-terms related to active growth,

suggesting active development and growth in both the tissues.

(a) leaf (b) cob

Figure 2.1: Images showing snapshots of the tissue used for transcriptome sampling in maize

leaf and ovary tissues

Maize plants of the inbred line B73 were grown in 10-L pots with a 1 : 1 : 1 mix of peat

: vermiculite : perlite with 6g pulverized limestone, 35g of CaSO4, 42 of powdered FeSO4,

and 1g of trace fritted element [25]. The plants were hand irrigated daily to maintain soil
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Table 2.1: No of genes with Fragment Per Kilobase of exon per Million fragments mapped

(FPKM), an expression measure, greater than 5 in select GO terms related to growth and

development. The distribution of FPKM expression values are shown in Figure 3.2

GO Term Name Ovary (FPKM

≥ 5)

Leaf (FPKM ≥

5)

GO:0007049 Cell Cycle 40/53 21/53

GO:0051301 Cell Division 35/49 21/49

GO:0016568 Chromatin

Modification

26/30 23/30

GO:0006260 DNA Replica-

tion

50/72 30/72

water content close to field capacity and the nutrients were supplied on a weekly basis with a

general purpose fertilizer (15-16-17 Scott-Sierra Horticultural Product Co, Marysville, OH).

Plants were grown under well-watered conditions until they reached the reproductive stage

(at the onset of silk emergence), when irrigation was withheld for half of the plants. Two to

three days after irrigation was withheld, the plants were hand pollinated, and 24 hours after

pollination measurements and samples were collected for transcriptome analysis. At this

stage, drought stressed plants had undergone three or four days of drought stress, while con-

trols were well watered throughout this period. The degree of drought stress was determined

by monitoring soil moisture content, relative water content (RWC), chlorophyll fluorescence
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Table 2.2: Analysis of the physiological parameters in maize affected by mild and severe

drought at the reproductive stage.

Soil Mois-

ture Content

(%)(cm3/cm3)

Chlorophyll

Fluorescence

(Fv/Fm,PSII)

CO2 Ex-

change (mol

m-2s-1)

Relative Wa-

ter Content

(%)

SeedNumber

Well-Watered 49.2 0.779, 0.71 25.9 97.15 139.25

Mild Drought 21.5 0.741, 0.53 20.25 83.42 104.75

Severe Drought 10.7 0.721, 0.42 14 66.5 34.75

LSD(0.05) 5.1707 0.017, 0.012 4.1215 4.025 12.23

P value < 0.0001 <0.0001 < 0.0001 < 0.0001 < 0.0001

(Fv/Fm and PS II) and CO2 gas-exchange in the leaves (Table 2.2). Soil moisture content

decreased from 49.2 cm3cm-3 in well-watered controls to 21.5 for moderate drought, and to

10.7 for severe drought. RWC dropped from 97.15% (control) to 83.4 (moderate drought)

and to 66.5 (severe drought). These levels of drought reduced photosynthetic rates and PS II

function dramatically. Seed set was significantly affected by severe drought at 1DAP (Table

2.2).

Before proceeding to the library preparation for transcriptome sequencing, the expression

levels of invertases were compared with previously observed patterns in drought treated

developing ovaries (1DAP). Figure 2.2 shows the fold changes in the expression values of the

invertases, which matched with previous observations.

Two biological replicates were used for all RNA-seq experiments from each tissue type. The

total RNA from the leaf meristem and ovary tissues was extracted using Trizol reagent
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Figure 2.2: Expression analysis of maize vacuolar, cell wall and neutral invertases assessed

through qRT-PCR

(Invitrogen) and purified using the RNAeasy Plant Mini kit (Qiagen). On-column DNase

digestion was performed according to the manufacturer’s protocol (Qiagen). The integrity

and quality of the total RNA was checked using NanoDrop 1000 Spectrophotometer and

formaldehyde-agarose gel electrophoresis. The Poly(A) RNA was isolated from purified total

RNA using poly-T oligo-attached magnetic beads. Following purification, the mRNA was

fragmented into small pieces under elevated temperature, and the cleaved RNA fragments

copied into first strand cDNA using reverse transcriptase and random primers. Second

strand cDNA synthesis was done using DNA Polymerase I and RNaseH, the cDNA fragments

processed for end repair, an addition of a single A base, and ligation of the adapters. These

products were then purified and enriched by PCR to create the final cDNA library and
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sequenced on the Illumina Genome Analyser IIx system according to the manufacturer’s

recommendations (Illumina).



Chapter 3

RNA-Seq Pipeline

3.1 Preprocessing Illumina Reads

The RNASeq pipeline shown in Figure 3.5 was implemented in this anlysis. This and the

following sections in this chapter explain different steps of the pipeline. As mentioned in

the previous chapter the transcriptomes of two tissues, the leaf meristem, and ovaries, with

one biological replicate, were sequenced using the Illumina Genome Analyzer IIx. We used a

strand specific mRNA-Seq protocol that preserves the information about which strand was

originally transcribed. Eight libraries were sequenced in total and the library names are

abbreviated as follows :-

MCC-1 :- Maize Ovaries Control Biological Replicate 1

MCC-2 :- Maize Ovaries Control Biological Replicate 2

12
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MCD-1 :- Maize Ovaries Drought Treated Biological Replicate 1

MCD-2 :- Maize Ovaries Drought Treated Biological Replicate 2

MLC-1 :- Maize Leaf Meristem Control Biological Replicate 1

MLC-2 :- Maize Leaf Meristem Control Biological Replicate 2

MLD-1 :- Maize Leaf Meristem Drought Treated Biological Replicate 1

MLD-2 :- Maize Leaf Meristem Drought Treated Biological Replicate 2

The initial length of the reads in each library was 76bp long, contaminated with varied

length of adapter sequences. The first preprocessing step performed was to remove the

adapter sequences and low quality bases, which resulted in reads with varied lengths ranging

from reads whose length was as low as 11bp to reads 76bp long (Figure 3.1). Reads with

length less than 25bp were discarded and not considered for further analysis mainly because

it is very difficult to accurately map reads with such short lengths. This did not result in

much loss of data as there were less than 0.002 % reads with less than 25bp long in each

library.

From Figure 3.1 it is clear that in most of the libraries there are fewer than 10% of the reads

with length less than 30bp, thus the read lengths are ideal for short read mapping tools like

BWA [26], Tophat [27], and Bowtie [28]. The read length distribution is also very similar

among different libraries.
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Figure 3.1: Read Length Distribution in Maize Ovary and Leaf Meristem Libraries

3.2 Mapping Illumina Reads

One of the essential and basic tasks of a RNASeq analysis is mapping the reads to a reference

genome if there is one. Many tools have been developed in recent years to do this task [29].

Most of these tools can be classified into two main categories: unspliced aligners and spliced

aligners. Unspliced aligners implement mapping algorithms that do not accommodate large

gaps. Some of the most commonly used unspliced aligners are BWA [26], Stampy [30] and

Bowtie [28]. Alternatively, spliced aligners use algorithms that can map reads to the whole

genome and across all splice junctions. Unspliced aligners fall under two main categories:

’seed and extend’ and ’exon first’. In ’seed and extend’ methods, all the reads are first

broken into small fragments and then aligned to the genome. Based on contiguity of the

alignments of the seeds, the tool identifies potential intron spanning reads. Alternatively,
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’exon first’ methods adopt a two step process. In the first step, the reads are mapped to

the genome using an unspliced aligner. In the second step the unmapped reads are split in

smaller segments and aligned independently. The genomic regions coverd by the mapped

reads are then searched for potential splice sites. The ’exon first’ methods are much faster

than the ’seed extend’ methods but result in fewer splice junctions. In our RNASeq analysis,

we have used Tophat [27], which uses a spliced ’exon first’ algorithm. Tophat is built on an

unspliced aligner Bowtie.

The maize reference genome, like most of other plant genomes, has many transposable ele-

ments. In fact, nearly 85% of the maize genome is composed of transposable elements [31].

Since the reads in a RNASeq experiment come from mRNA, it very unlikely that they will

map to the transposable elements. Hence a masked maize genome, with transposable ele-

ments masked, was used. The latest release of the maize masked genome downloaded from

http://ftp.maizesequence.org/release-5b/ was used.

Default Tophat parameters, which allow up to 2 mismatches and report up to 40 alignments

for reads mapping at multiple positions, were used. Based on the alignments, the reads

were categorized into three classes. Uniquely mapped reads are those that map to only

one position in the genome, and spliced reads are those that span across a splice junction.

Multi-mapping reads are those that map to more than one position in the reference genome.

An in-house Perl script (mapping-statistcs-from-tophat-samfile.pl) was used to calculate the

mapping statistics shown in the Table 3.1. The details and usage of all the Perl scrip

introduced in the rest of this chapter are given at the end of the thesis.
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Table 3.1: Read Mapping Statistics

Sample Sequenced

Reads

Unique Map-

ping Reads

Spliced Reads Multi Map-

ping Reads

Total Mapping

Reads

MCC-1 38,720,518 29,006,929 3,377,444 3,334,737 32,341,666

MCC-2 32,396,207 21,765,134 829,439 2,202,487 23,967,621

MCD-1 38,617,367 29,275,556 2,854,178 3,885,381 33,160,937

MCD-2 38,362,194 28,779,699 2,093,744 4,245,354 33,025,053

MLC-1 37,577,043 27,108,369 3,396,442 2,585,335 29,693,704

MLC-2 30,596,778 19,382,018 2,870,407 1,696,101 21,078,119

MLD-1 37,264,930 27,552,879 2,793,741 2,970,863 30,523,742

MLD-2 36,699,121 27,216,792 2,800,586 3,113,970 30,330,762

3.3 Transcriptome Reconstruction and Quantification

The next logical step in RNASeq analysis is to reconstruct the transcriptome. Transcrip-

tome reconstruction is a process in which all expressed isoforms of a gene are reconstructed

using the reads and/or read alignments. There are two main approaches for transcriptome

reconstruction: genome guided and genome independent. Genome independent methods

assemble the transcriptome solely based on the reads and not on the read alignments. These

methods are used in cases where the genome of the species of interest is not yet sequenced.

Alternatively, genome guided methods first map the reads to the genome and then, based on

the alignments of the overlapping reads, the transcriptome is reconstructed. In our pipeline,

we have adopted a genome guided approach; Cufflinks [32] was used to assemble the tran-

sciptome. Cufflinks initially constructs a graph connecting all the bases in the genome that

are either contiguously connected or connected by a spliced read. It than constructs the tran-
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Figure 3.2: Boxplot of Log FPKM expression values to base 2

scriptome by parsing the graph and choosing a minimal set of paths such that all the reads

are included in at least one transcript. Cufflinks quantifies the transcriptome abundance by

calculating the FPKM (fragments per kilobase of exon per million fragments mapped). The

box-plot distributions of the log FPKM values are shown in the Figure 3.2. The 25% quar-

tile, median, and the 75% quartile are almost the same in all the libraries. The distribution

of the expression values among the libraries being considered for differential expression must

be the same, hence it is essential to check this before proceeding further in the analysis.

Since in each tissue there are four libraries, four different assemblies will be generated by

Cufflinks. The reconstructed gene models in each of these assemblies are more or less the

same, as they come from the same tissue. Hence in order to take the union of these tran-

scripts, we used a tool called Cuffmerge in the Cufflinks software. After constructing the

union of the transcripts, Cuffmerge overlays the reference annotations and classifies all the

assembled transcripts into different categories. Each category is given a class code. In-house
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Table 3.2: Assembly Statistics

Class % of Total Tran-

scripts in Ovary

% of Total As-

sembled Reads in

Ovary

% of Total Tran-

scripts in Leaf

Meristem

% of Total As-

sembled Reads in

Leaf Meristem

Match to Known

Transcripts

67.2 73.3 68.3 73.6

Novel Isofroms of

Known Genes

17.9 17.3 19.4 16.3

Intergenic 8.3 2.9 5.7 2.53

Artifacts 6.4 7.12 6.5 8.3

Perl scripts (cuffmerge.pl, and cal-adj-length.pl) were written to classify these transcripts

into 3 main categories, and to calculate the coverage in each category. Table 3.2 shows the

assembly statistics. ’The Match to Known Transcripts’ group comprises of all assembled

transcripts that matched exactly with a known reference gene model, the reference anno-

tations were downloaded from http://ftp.maizesequence.org/current/working-set/.

Transcripts that had atleast one new splice junction were grouped into ’Novel Isoforms of

Known Genes’. All the transcripts that were assembled in the intergenic regions according

to the existing annotations were considered as Intergenic transcripts. According to Table

3.2, majority of assembled transcripts in the leaf and ovary matched to existing gene mod-

els. There were far more novel isoforms resulting from alternative splicing than entirely

new transcription units. The ’Artifacts’ group comprises of transcripts that were assembled

by the reads that mapped to the opposite strand, indicating possible miRNA and siRNA

contamination.



Akshay Kakumanu Chapter 3. RNA-Seq Pipeline 19

3.4 Novel Splice Sites and Transcription Units

Novel splice sites are those splice junctions that were supported by at least 2 reads and that

have not been characterized earlier. In-house Perl script (novel-splice-junction-stats.pl), was

written to extract these novel and existing splice sites from the assembled transcripts. Out of

the 0.3 billion reads obtained by RNA-Seq, 21 million reads mapped to splice junctions, re-

vealing 76k novel splice junctions that account for 23% of the total number of splice junctions

identified. Of the 76k novel junctions, 36k were supported in both ovary and leaf meristem

tissues while the remaining reads were supported in either the ovary or leaf meristem. It

is quite clear from Figure 3.3 that there are far fewer novel splice sites than existing ones.

Another interesting observation from Figure 3.3 is that the majority of annotated and novel

splice sites are supported by 50-80 reads.

Table 3.3: Intergenic Transcripts Blastx Results

Tissue Total Intergenic

Transcripts

Unique Match to rice

proteins

Unique Match to

sorghum proteins

Ovary 7288 1561 2581

Leaf Meristem 4879 1331 2513

BLASTX [33] was used to align the intergenic transcripts onto rice and sorghum proteins

to filter for potential novel transcription units. BLASTX translates a DNA sequence in all

six possible reading frames and compares it with protein sequences. All BLASTX hits were

processed using the Per script (process-blastx.pl), to identify the best hit for each input
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Figure 3.3: Cumulative no of reads supporting novel and annotated splice sites

intergenic transcript (Table 3.3).

3.5 Differential Expression

Cufflinks quantifies the transcript abundance of each transcript in terms of FPKM. The tool

also calculates the abundance of each gene by combining the expression of all the transcripts

of a gene. Hence, the result of a transcript quantification analysis is a list of genes and

their FPKM expression values in each library. To check the extent of variability among the

biological replicates, the coefficient of variation (standard deviation/mean) of FPKM values

for each gene, between the replicates, was calculated. Nearly 75% of the genes, in ovaries

and leaf meristem, had a coefficient of variation of less than 20% (Figure 3.4), indicating
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slight variability among the biological replicates. In order to identify differentially expressed

genes between two conditions, it is essential to compare the distribution of the expression

profiles of genes in the two data sets. The most suited parameter to estimate this is the T-

statistic. Intuitively, the T-statistic calculates the difference in the means of the expression

distributions also taking into consideration their variance. Since there is only one biological

replicate the calculation of the variance is not robust. The Limma R package [34] was used.

Limma make the analysis more robust for a small number of samples by fitting a linear

model to the expression data of each gene by borrowing information across genes using an

empirical Bayesian method. The package was downloaded from http://bioconductor.

org/packages/release/bioc/html/limma.html. The lmFit function was used to estimate

fold change and standard error by fitting a linear model for each gene. The eBayes function

was used to apply empirical Bayes smoothing of the standard errors. Limma outputs a

T-Statistic and a p-value for each gene. The QVALUE R package [35], downloaded from

http://genomics.princeton.edu/storeylab/qvalue/, was used to calculate the q-values

from the p-values obtained from Limma. Only those genes that had at least 10 reads mapping

in at least one of the libraries were considered for differential expression testing. This lead

to the elimination of 800 genes in both the tissues, and as a result, 25,800 genes in the

leaf meristem, and 26,300 genes in the reproductive tissue were considered for differential

expression testing. Identification of differentially expressed genes in response to drought

revealed 4328 genes up-regulated and 6044 genes down-regulated for a q-value cutoff of 0.05

and log2fold cutoff of 1 in the maize ovary tissue; a much smaller number of genes, 462(up-
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regulated) and 220 (Down-regulated), responded in the basal leaf meristem for the same

cutoff.

The final step in the pipeline, the GO-Enrichment analysis, is explained in chapter 4 of this

thesis.

3.6 Perl Scripts

• mapping-statistcs-from-tophat-samfile.pl

The usage of this script can be obtained by using the ”help” option. The input for

this script is a sam mapping file. The ”accepted-hits.bam” file, which is the output of

Tophat, should first be converted into a sam file using Samtools. The output for this

script is the list of all reads which span a splice junctions and the mapping statistics

that includes: no. of unique alignments, no. of splice alignments, and no. of reads

mapping to multiple positions in the reference genome.

• cuffmerge.pl

The input files for this script are: merged.gtf file (an output file from cuffmerge),

reference annotations in gft file format, isoforms.fpkm-tracking file (an output file from

cufflinks), and a file name to write the output. The file identifies the exon structure of

all the novel isoforms assembled by cufflinks. The usage and the format of the output

file can be obtained by using the ”help” option.

• cal-adj-length.pl
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In order to calculate the FPKM, cufflinks calculates the adjusted length for each tran-

script [32]. The Perl script ”cal-adj-length.pl”, calculates the adjusted length and uses

it to calculate the % coverage of each class of transcripts mentioned in section 3.2. The

input files for this script are: the output file from cuffmerge.pl, the fpkm expression

values (from cufflinks), and a file name to write the output. The usage and the format

of the output file can be obtained by using the ”help” command.

• novel-splice-junction-stats.pl

This identifies the novel splice junctions in the assembled transcripts. The input files

for this script are: the output file from cuffmerge.pl, the reference annotations in gtf

format, file names to write the output. The output files contain, the location (base

pair position) of all the novel splice sites identified.
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Figure 3.4: Boxplot distribution of coefficient of variation, in percentage, among biological

replicates.

Figure 3.5: RNA-Seq workflow showing different steps implemented from raw reads to GO

functional enrichment



Chapter 4

Analysis of Selected Enriched GO

Terms

This chapter gives a detailed analysis of cell-cycle-related and antioxidant-gene-related GO

terms. To obtain a better understanding of drought-mediated embryo abortion, it is essential

to look at the expression of ”Programmed Cell Death” genes. This chapter also gives a

detailed analysis of the expression of PCD, phospolipase, and PI signaling genes, obtained

by searching the RNASeq data for known gene from literature. This method was adopted

because of the absence of related GO annotations in maize.

25
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4.1 Introduction

Gene Ontology is a collaborative major bioinformatics initiative to define a controlled vo-

cabulary of terms to represent gene and gene product attributes across different organisms

(http://www.geneontology.org/). Every gene product in an organism that has defined

gene ontologies has three attributes: molecular process, biological process, and cellular com-

ponent. The molecular process attribute of a gene describes molecular activity, such as

enzymatic and catalytic activity that occurs at a molecular level. The biological process at-

tribute of a gene gives the series of events accomplished by one or more ordered assemblies of

molecular functions. The cellular component attribute gives the location of the gene product

in a larger cellular component. The GO ontologies are defined by a team of experts. Each

ontology is a directed acyclic graph (DAG) with explicit parent-child relationships. Each

annotation has an evidence code attached to it describing the source of the annotation. All

the evidence codes fall under the following four categories; Experimental Evidence Codes,

Computational Analysis Evidence Codes, Author Statement Evidence Codes, and Curator

Statement Evidence Codes. Maize GO functional annotations were downloaded from the Ag-

Base website (http://www.agbase.msstate.edu/cgi-bin/information/Maize.pl). Only

the biological process category was considered for the functional enrichment analysis. In the

maize annotation used, approximately 8830 genes were annotated to GO-Biological Process

terms (as of May 2011). There was a high degree of overlap between some terms, so, in

order to reduce the redundancy, the following procedure was adopted to merge terms. The

terms were first sorted in descending order based on the number of genes annotated to them.
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Then, for each term in the sorted list, the Jaccard index [36] was calculated between the

selected term and each of the next four terms in the sorted list. The terms were then merged

into one if the Jaccard index between them was greater than 0.95. These merged terms were

then considered for functional enrichment.

4.2 Parametric Analysis of Gene Set Enrichment

For GO enrichment analysis, the algorithm in [37], also known as PAGE, was implemented.

The input for this algorithm is a list of genes and a parameter that can be either a test-

statistic or log-fold change; here the T-statistic was used as the parameter. Suppose a

GO-term has m genes annotated to it. According to the central limit theorem, which is the

basis for PAGE, the mean of the T-statistic of these m genes is normally distributed with

mean µ (same as the parent distribution) and standard deviation δ/m (δ is the standard

deviation of the parent distribution) if m is greater than 5. Hence only those terms which

are annotated to at least 5 genes or more were considered. The z-score for each term is

given by the following formula: Z = (Sm − µ) ∗ m1/2/δ ; where Sm is the mean of the

T-statistic value for the given set of genes. P-values were calculated for each GO-Term

from the normal distribution and were corrected for multiple hypothesis testing using the

QVALUE R package [35]. A q-value cutoff of 0.05 was used to select enriched GO-terms.

The GO-enrichments results are represented in the form of a heat map (Figure 4.1). Multiple

Experiment Viewer downloaded from http://www.tm4.org/mev/ was used to draw the heat
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Figure 4.1: Heat map showing the different biological process GO terms enriched in maize

reproductive and vegetative tissue under drought stress

map. From the heat map representation (Figure 4.1) it is evident that meristem cells, which

give rise to leaf tissue, are less affected by drought than the ovary tissue at 1DAP. Several
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distinct patterns of gene expression specific to one of the two drought stressed tissues are

shown in Figure 4.1. GO categories corresponding to various aspects of carbon metabolism

(e.g. ’cellular polysaccharide metabolic process’, ’glucan biosynthetic process’, and ’organic

acid biosynthetic process’) were enriched in down-regulated genes in the case of the drought

stressed ovary tissue, whereas the opposite result was observed for leaf meristem tissue. A

similar contrast was observed for the GO categories ’cell division’ and ’cell cycle’. In the

case of the GO categories ’response to stress’, ’response to oxidative stress’, and ’oxidation-

reduction process’, there was no significant enrichment for the leaf meristem tissue, but

the ovary tissue showed enrichment for down-regulation. The category ’translation’ showed

down-regulation in both tissues. For the category ’vesicle docking involved in exocytosis’

and several lipid-associated categories ’phosphatidylinositol metabolic process’, ’lipoprotein

metabolic process’, and ’glycerolipid biosynthetic process’, enrichment for down-regulation

was observed in the leaf meristem tissue with no significant enrichment in the ovary tissue.

A select few of these categories were chosen for detailed examination.

4.3 Cell Cycle and Cell Divisions

The cell cycle of a plant cell has four major phases; G1, S, G2, and M. G1 and G2 are gap

phases and are highly variable in length. The S phase is the DNA synthesis phase where the

whole genome of the plant cell is replicated. M is the mitosis phase where cell mitosis takes

place. S and M phases are constant in length. Once the cell enters the M phase through the
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Figure 4.2: RNA-Seq expression data in drought stressed ovary tissue with associated cell

cycle phases

S phase it is committed to complete the cell cycle. If the cell is not capable of completing

the cycle, due to insufficient cellular resources, the result can be cell death. Because of the

severity of the outcome, cell division is highly regulated and coordinated [38]. In order to

understand the effects of drought on the highly regulated cell cycle, the expression of the

genes annotated to the ”cell-cycle” (GO:007049) GO-term were analyzed. The ”cell-cycle”

GO-term annotated to 49 genes was enriched with down-regulated genes with a z-score of -3.6

in the ovaries, whereas it was enriched with few up-regulated genes with a z-score of 1.2 in the
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leaf meristem. Genes with a log-fold value less than 1 and with a q-value greater than 0.05

were excluded from further analysis, the expression of the remaining genes is shown in Table

4.1. The most important cell cycle factors are the cyclin dependent kinase (CDK) which are

regulated by the cyclins (CYCs). Plant cyclins are typically categorized into four classes, A-

D. A-type cyclins are present in S phase to M phase and type-B are maximized at the G2-M

transition and M phase. D-type cyclins regulate G1-S transition (Figure 4.2) [39]. In the

current data set, eleven cyclins were identified, with nine down-regulated and one, CYCLIN

D4 (GRMZM2G075117), up-regulated in the ovary tissue. Two genes (GRMZM2G140633

and GRMZM2G476685) with the same cyclin delta-2 annotation were up-regulated in the

leaf meristem tissue (Figure 4.2 and Table 4.1). Similar down-regulation of cyclins was

observed in wheat (Triticum aestivum) by [40], leading to accumulation of the cells in G1

and G2 phases under drought stress.

Another important family of genes involved in cell cycle regulation in plants are the RBR

(Plant Retinoblastoma-related) genes. There are 3 genes belonging to this family in maize.

ZmRBR1 inhibits the cell cycle through effects on chromatin remodeling and ZmRBR3 exerts

a positive influence through controlling DNA replication and minichromosome maintenance

[41]. The transition from mitotic cell cycle to the endoreduplication cell cycle (G/S phases

producing triploid DNA content) in endosperm is associated with low ZmRBR3 and increased

ZmRBR1 gene expression [42]. ZmRBR2, whose role is unknown, is constitutively expressed

at fifty percent of ZmRBR1 levels [43]. Our experimental results show down-regulation

of ZmRBR3 and non-significant up-regulation of ZmRBR1 and ZmRBR2. This drought-
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stressed expression pattern does not match healthy cell cycle or endoreduplication cycle

expectations.

Cyclin dependent kinase inhibitors (CDKIs) promote G1 arrest in the cell cycle. In maize

endosperm tissue, mutants overexpressing the CDKI, Zeama;KRP;1, counter retinoblastoma-

related protein function display endoreduplication without division [44]. Modulation of the

CDKs plays an important role in the transition from mitotic cell cycle to the endoredupli-

cation cell cycle [42]. Two CDKIs (cyclin dependent kinase inhibitor and cyclin dependent

kinase inhibitor 1) were up-regulated in ovary tissue (Table 4.1). A third CDKI, cyclin de-

pendent kinase inhibitor 2, showed up-regulation below the cutoff value. Up-regulation of

the CDKIs is consistent with disrupted cell cycle progression in the drought stressed ovary

tissue.

In yeast and humans, RAD17 participates in a checkpoint protein complex involved in DNA

damage G2 cell cycle arrest. In Arabidopsis, RAD17 homologue (AtRAD17) mutants show

increased sensitivity to DNA damaging chemicals and delays in double strand break (DSB)

repair. The frequency of inter-chromosomal homologous recombination increases along with

general deregulation of repair [45]. An Arabidopsis rad9-rad17 double mutant showed no

induction of ribonucleotide reductase subunit (AtRNR2b) and could not sustain nucleotide

production for repair [46]. Our data show RAD17 expression was down-regulated in ovary

tissue and unresponsive in leaf meristem.

In yeast, RAD51 plays a key role in DSB/DNA repair and homologous recombination. In

Zea mays, RAD51 has a similar role. Double mutants of the RAD51 homologs show male
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sterility, reduced seed set, and a high susceptibility to DSBs [47]. MAD2 was originally

identified in budding yeast, as a highly conserved protein involved in the spindle checkpoint

system ensuring that the metaphase is complete before the progression to anaphase. A

similar role has been demonstrated for the Zea mays MAD2 homolog with the localization

of the MAD2 homolog to the prometaphase kinetochore [48]. RAD51 was down-regulated in

maize drought stressed ovary tissue and undetected in leaf meristem. The down-regulation

of both RAD17 and RAD51 suggests disruption of cell cycle control.

Nuf2, in yeast, is associated with the spindle pole body (SPB) and a candidate for SPB

separation. Work with mutants demonstrated that Nuf2 is required for nuclear division.

Using antibodies to yeast Nuf2, a similar protein is found in the SPB of mammals [49].

There is no direct evidence for the role of Nuf2 homolog in plants, except sequence homology.

Nuf2 exhibited down-regulation in drought-stressed ovary tissue, contrary to the expected

up-regulation in a rapidly dividing tissue. Expression of Nuf2 in the leaf meristem was not

detected.

Taken together (Figure 4.2), it is clear that, in ovaries, the expression of genes regulating

the cell cycle under drought stress do not match that of a healthy cell cycle. On the other

hand no such responses were seen in the leaf meristem.
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4.4 Responses of Antioxidant Genes

In order to study the responses of the antioxidant genes, the GO term ”response to oxidative

stress” was analyzed in detail. Many genes annotated to this category were down-regulated

by drought in the ovary tissue but the opposite response was seen in the leaf meristem. Out

of the 42 differentially expressed genes annotated to this category in the ovary tissue, all but 6

were down-regulated; homologs of catalase 2 and APX4 were among the up-regulated ones.

The majority of the down-regulated genes belonged to the peroxidase superfamily (Table

4.2). Homologs of several members of the ascorbate peroxidase group, such as APX1, were

down-regulated. Genes for thioredoxin reductase, a glutathione-S-transferase, a cytosolic

Cu/Zn, and a mitochondrial Mn superoxide dismutase were also down-regulated (Table 4.2).

The down-regulation of these genes in the ovary tissue suggests that the antioxidant defense

process was failing in the ovary tissue under the level of drought stress imposed. Specifically,

the down-regulation of the anti-oxidant gens results in a failure to scavenge the accumulated

ROS, thus resulting in ROS buildup. An analogous down-regulation of anitxidant genes

was observed in a more drought sensitive accession of Andean potato, when compared to

a more drought-tolerant accession [50, 51]. On the other hand, the drought stress did not

have this effect in the antioxidant genes in the leaf meristem, where the antioxidant defense

mechanism has occurred as has been observed many times.

Overall, the down regulation of several key peroxidase genes might have resulted in the

suppression of well-established resistance pathways that can essentially mount a resistance
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to oxidative stress, including the protection of chromosomal DNA that arise in response to

drought [52, 7].

4.5 Programmed Cell Death Gene Responses

Programmed cell death (PCD) genes encode proteins for the pathway that removes the

damaged tissue is an organized and a safe way. When the drought stress is severe, to the

point that ROS scavenging is ineffective, PCD plays a crucial role by organized destruction

of the cells that is essential for organ and tissue formation. The expression profiles of several

known PCD genes, in the current dataset, were identified by searching the RNASeq data for

known PCD gene terms (lsd, lol, lis, metacaspas, dad, mlo, and bax/bak). Twenty six genes

were identified in the data set, of which 11 were differentially expressed in the ovaries and 3

in the leaf meristem (Table 4.3).

The differentially expressed genes, in both tissues, belonged to 4 main classes; lsd (lesions

simulating disease resistance) family, metacapase, mlo (modulator of defense and death)

family, and the bax inhibitors.

LSD1 is a negative regulator of cell death initiated by localized superoxide production and

may reduce cell death spread (Dietrich et al 1994). Drought stressed ovary tissue showed a

marked down regulation of the lsd1 homolog.

Metacaspases are cysteine dependent arginine/lysine specific proteases found in plants and

play a similar role to animal PCDs [53]. In the drought stressed ovary tissue, a mixed
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response of the metacaspase was seen, with up-regulation of 2 matacaspases (annotated as

Lol3 andMetacaspase 1)), and down regulation of 2 metacaspases (annotated asMetacaspase

5 and Metacaspase type II ). While, in the leaf meristem, only one gene (Metacaspase 5 ) was

up-regulated.

The Mlo family of genes are plant specific genes known to be associated with stress in

several species. Several loss of gene mutant analyses in barley demonstrated spontaneous

PCD, indicating the negative regulation of the Mlo gene family on PCD [54]. In the current

RNASeq dataset 5 genes belonging to the Mlo gene family were down-regulated. Only one

gene, Mlo4, was up-regulated in the leaf meristem.

Two BAX inhibitor genes were differentially expressed in either the leaf or the ovary tissue.

BAX inhibitor I, is a trans-membrane protein in the endoplasmic reticulum, and is ubiquitous

in the eukaryotes as a cell death suppressor [55]. This gene was up-regulated in the leaf

meristem but was not differentially expressed in the ovary tissue. The other Bax inhibitor

gene was down-regulated only in the ovary tissue, possibly contributing to PCD.

Taken together, the expression profiles of the PCD genes indicates increased PCD occurring

in the ovary tissue, while no such responses were evident in the leaf meristem.

4.6 Phospholipase and PI Signaling Associated Genes

Phospholipase C catalyzes the conversion of membrane bound phosphotidylinositol species

into phosphorylated inositol isoforms and diacylglycerol (DAG), each of which participate
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in PI signaling. In the current data set, seventeen genes annotated to PLC were identified

(Table 4.4), all the genes were categorized into 4 broad classes: PLAs, PLCs, PLD,s and

miscellaneous. PLC transcript levels have shown to vary under drought conditions [56].

In our dataset, of the four PLCs, three showed significant down-regulation in ovary tissue

and insignificant changes in the leaf meristem, while one gene, Phosphatidylinositol-specific

phospholipase C4, showed an insignificant change in expression in the ovary and a massive

down-regulation in the leaf meristem. This down regulation is likely to have a significant

effect on the availability of Ins(1,4,5)P3 for signal transduction in both the tissues. Hence, it is

unlikely that Ins(1,4,5)3 associated signaling plays a role in the differential drought sensitivity

of the ovary tissue, compared to the leaf meristem. 5PTase and PIP5K, other genes involved

in Ins(1,4,5)P3 signaling, showed mixed responses, yielding inconclusive results.

Five genes annotated as PLDs were differentially expressed in the ovary tissue (Table 4.4).

Of the differentially expressed PLD genes, 3 of them were down-regulated in the ovary

tissue, while the remaining two were up-regulated. In contrast, in the leaf meristem, only

one gene was up-regulated. PLDs play a very important role in plant growth, development

and environmental stress responses [57, 58, 59].Enzymatic activity of the PLD gene family

results in the production of PA, another signaling molecule that responds to abiotic stress

[60]. It is also known that, in the case of drought stress, increased PLD alpha activity

results in activation of ABA signaling [59]. Arabidopsis plants down-regulated with respect

to PLD alpha expression were found to be more drought sensitive than their corresponding

wild types [50]. However, due to the mixed expression of the PLD gene family genes in the
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ovary tissue, the data is difficult to interpret. In contrast, phospholipase D delta, which is

known to be involved in ROS responses in Arabisopsis, were found to be down-regulated in

the ovary tissue but not in the leaf meristem. This is in agreement with the finding that cell

cycle genes and major ROS scavenging genes were down-regulated in the ovary tissue and

not in the leaf meristem. Overall, the data (Table 4.4) suggests that the signaling pathway

in which PLD delta participates was specifically down-regulated in the ovary tissue under

drought stress. The repression of this pathway might have resulted in the failure of the

antioxidant processes, and of signaling mediated through regulatory genes such as APX1,

leading to arrest of the cell cycle and eventual cell death.
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Table 4.1: Maize drought stress gene expression for cell cycle related genes. Annotation

sources: (Zm) Zea mays (MaizeSequence.org), (Os) Oryza sativa (Rice Genome Annotation

Project), (At) Arabidopsis thaliana (TAIR). Expression values are log-fold values and a dash

(-) indicates failure to meet significance cutoff or undetected

Gene Product

Category

Gene Annotation Ovary(Log2

Ratio)

Leaf Meristem

(Log2 Ratio)

Cyclins GRMZM2G073671 Cyclin3Zm -18.59 -

GRMZM2G140633 Cyclin.delta2Zm -1.5 1.01

GRMZM2G017081 Cyclin-A2Zm -1.4 -

GRMZM2G034647 Cyc1—cylin1Zm -19.3 -

GRMZM2G138886 CylinB2Zm -3.73 -

GRMZM2G476685 Cylin.delta2Zm - 1.38

GRMZM2G026346 Cylin.A3.1At -1.37 -

GRMZM2G079629 Cylin.D2.1At -1.24 -

GRMZM2G061287 Cylin.B2.4At -19.04 -

GRMZM2G026346 Cylin.A3.4At -4.59 -

GRMZM2G075117 Cylin.D4.1At 1.11 -

Cyclin Depen-

dent Kinase

Inhibitor

GRMZM2G116885 cyclin dependent

kinase.inhibitor1Zm

1.28 1.11

GRMZM2G157510 cyclin dependent

kinase.inhibitorZm

1.91 -

Miscellaneous

cell cycle

products

GRMZM2G033828 Retinoblastoma-related pro-

tein 3 (ZmRBR3)Zm

-4.02 -

GRMZM2G109618 DNA repair (Rad51) family

proteinAt

-2.09 -

GRMZM2G051138 Radiation Sensitive 17At -1.54 -

GRMZM2G047143 Mitotic spindle checkpoint

protein MAD2Zm

-3.68 16.34

GRMZM2G123920 nuf2 family proteinZm -2.32



Akshay Kakumanu Chapter 4. Gene Ontology Enrichment 40

Table 4.2: Genes annotated to Response to Oxidative Stress GO-term. Annotation Sources:

(Zm) Zea mays (MaizeSequence.org), (At) Arabidopsis thaliana (TAIR). The expression

values are log-fold and (-) indicates failure to meet the significance cutoff or undetected

Gene Product

Category

Gene Annotation Ovary(Log2

Ratio)

Leaf Meristem

(Log2 Ratio)

Ascorbate Per-

oxidases

GRMZM2G460406 Ascorbate Peroxi-

dase 3At

1.13 -

GRMZM2G156227 Ascorbate Peroxi-

dase 4At

19.52 -

GRMZM2G004211 APx3-Peroxisomal

Ascorbate

PeroxidaseZm

-1.62 -

GRMZM2G014397 Stromal Ascorbate

PeroxidaseAt

-1.62 -

GRMZM2G137839 Ascorbate Peroxi-

dase 1Zm

-1.89 -

Miscellaneous GRMZM2G059991 Superoxide

DismutaseZm

-1.62 -

GRMZM2G079348 Catalase Isozyme

3Zm

-1.68 -

GRMZM2G088212 Catalase Isozyme

1Zm

1.44 -

GRMZM2G116273 gst1— Glutathione

S-transferase 1Zm

-3.11 -

GRMZM2G422750 Chalcone Synthase

C2Zm

-24.5

GRMZM2G135893 GP ProteinZm -1.49
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Table 4.3: Maize gene expression for Programmed Cell Death (PCD) related genes in

drought stressed ovary and leaf meristem tissues. Annotation Sources: (Zm) Zea mays

(MaizeSequence.org), (Os) Oryza sativa (Rice Genome Annotation Project), (At) Arabidop-

sis thaliana (TAIR). Ovary expression and leaf meristem expression are log-fold values and

a dash (-) indicates failure to meet significance cutoff or undetected

Gene Id Annotation Ovary(Log2 Ratio) Leaf Meristem (Log2

Ratio)

GRMZM2G055135 LSD1 zinc finger

domain containing

proteinOs

-3.86 -

GRMZM2G120069 LOL3Zm 3.55 -

GRMZM2G066041 Metacaspase 5At -1.04 1.4

GRMZM2G083016 Metacaspase type

IIZm

-4 -

GRMZM2G120079 Metacaspase 1At 4.75 -

GRMZM2G040441 Barley mlo defense

gene homolog2At

-2.26 -

GRMZM2G051974 MLO-like protein

14At

-2.82 -

GRMZM2G089259 Barley mlo defense

gene homolog4At

-2.1 1.13

GRMZM5G881803 Barley mlo defense

gene homolog8At

-2.12 -

GRMZM2G031331 Barley mlo defense

gene homolog3At

-1.14 -

GRMZM2G029087 BAX inhibitor 1At - 1.7

GRMZM2G095898 Transmembrane

BAX inhibitor motif-

containing proteinOs

-2.0 -
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Table 4.4: Genes annotated to phospholipase in the dataset. Annotation Sources: ( Zm)

Zea mays (MaizeSequence.org), (At) Arabidopsis thaliana (TAIR). The expression values

are log-fold and (-) indicates failure to meet the significance cutoff or undetected.

Gene Id Annotation Ovary(Log2

Ratio)

Leaf Meris-

tem (Log2

Ratio)

GRMZM2G035421 Patatin-like phospholipase family

proteinAt

1.76 -

GRMZM2G087612 Patatin-like phospholipase family

proteinAt

1.44 -

GRMZM2G137435 Phosphoinositide-specific phospholi-

pase C family proteinAt

-1.41 -

GRMZM2G072578 Phospholipase A2 family proteinAt -4.13 -

GRMZM2G166971 Phospholipase A2 family proteinAt 2.2 -

GRMZM2G139041 non-specific phospholipase C1At -1 -

GRMZM2G081719 non-specific phospholipase C6At -3.63 -

GRMZM2G114354 phosphatidylinositol-specific phos-

pholipase C4At

- -17.2

GRMZM2G154523 phospholipase A 2AAt -2.22 3.1

GRMZM2G349749 phospholipase A 2AAt 1.74 1.28

GRMZM2G019029 phospholipase D alpha 1At 2.5 1

GRMZM2G054559 phospholipase D alpha 1At -1.1 -

GRMZM2G179792 phospholipase D alpha 1At 2.03 -

GRMZM2G442551 phospholipase D alpha 2At 1.32 -

GRMZM2G108912 phospholipase D deltaAt -1.3 -

GRMZM2G451672 phospholipase; galactolipaseAt -1.16 -

GRMZM2G451672 triacylglycerol lipaseZm -2.24 -



Chapter 5

Analysis of Selected Enriched

MapMan Bins

This chapter gives a detailed analysis of MapMan [61] bins involved in starch and sucrose

metabolism and catabolism. Another important class of enzymes involved in maintaining

hexose/sucrose ration are the invertases; this chapter gives a detailed analysis of the inver-

tases that were differentially expressed. MapMan bins related to raffinose, trehalose and

ABA metabolism are also discussed in this chapter.

5.1 Starch and Sucrose Metabolism

In order to understand the effects of drought on the starch and sucrose metabolism in the

maize tissues, the genes overlaid on the sucrose and starch synthesis bins in the primary

43
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metabolism mapping file in MapMan were studied. Several genes encoding enzymes in-

volved in the synthesis of starch, namely, ADP-glucose pyrophosphorylase, starch synthase,

starch-branching enzyme, and starch debranching enzyme were significantly down-regulated

in the drought stressed ovary (Figure 5.1). These results validate the finding of [5], which ob-

served a lower level of starch in water stressed ovaries. It has long been known that AGPase

activity represents the rate limiting step in starch biosynthesis in all the tissues examined

to date, with maize endosperm being no exception [42]. Our results showed the down regu-

lation of 12 genes encoding five major enzymes for starch synthesis in the ovary tissue. The

down-regulated classes included four isoforms of AGPase, one soluble starch synthase, three

granular-bound starch synthase (GBSS), two isoforms of starch branching enzyme (SBE),

and two isoforms of starch debranching enzymes (DBE) (Figure 5.1). In contrast, none of

the genes showed significant changes in the drought stressed leaf meristem.

The several classes of enzymes involved in starch biosynthesis have very specific functions. In

cereals, the GBBS class of genes are encoded in the Waxy locus and have an important effect

on amylose synthesis and is exclusively bound to a starch granule [62]. Maize endosperm

contains at least five starch synthase isoforms that are categorized according to conserved

sequence relationships. In our study, we observed the down-regulation of multiple starch

synthase isoforms (Figure 5.1). Starch synthase isoforms have unique roles in starch synthe-

sis, and this has been experimentally validated through mutant studies in different plants.

For example, SSIIIa mutants of rice and maize are deficient in long chains of amylopectin,

suggesting their specific role in chain elongation.
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From the data, it is clear that genes encoding proteins/enzymes at different steps of the

starch biosynthesis were down-regulated, along with the rate limiting step carried by the

AGPase class of enzymes, suggesting a mechanism that coordinates this effect. Other effects

of repressing AGPase expression were reported in AGPase knockdown pea (Pisum sativum)

seeds [63]. Seeds of the knockdown plants showed an expected metabolic shift in composition

from starch towards the accumulation of sugars, but also the repression of cell wall and

vacuolar invertase gene expression, an increase in sucrose synthase expression, increases in

ROS, and changes in the interactions of ABA and sugar signaling. These changes resonate

with our data on coordinated regulation, although the pea seeds studied were quite mature

compared to the maize ovaries, and no imposed abiotic stress was involved.

Several isoforms of alpha and beta amylases were up-regulated in the stressed ovaries (Fig-

ure 5.1; bin 5). The breakdown of starch in plant storage organs is catalyzed by amylase,

this being the only enzyme known to attack raw starch granules. The cooperative action of

a range of other degrading enzymes, including β-amylase, debranching enzyme, and starch

phosphorylase, result in the dissolution of the stored starch leading to the production of a

number of oligosaccharides, and finally to maltose, glucose or glucose-1-phosphate as shown

in Figure 5.1. The gene encoding maltose excess protein 1-like (GRMZM2G156356) was

evidently down-regulated at 1DAP (Figure 5.1). Genes encoding sucrose synthase1 (GR-

MZM2G089713) and sucrose synthase2 (GRMZM2G318780) were up-regulated by 1.7 and

1.5 fold, respectively, at 1DAP in the stressed ovaries (Figure 5.1). The increase in the

transcript levels of the two sucrose synthases suggests the possibility of sucrose hydrolysis
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and the entrance of hexose as the primary sugar in endosperm metabolism. However, since

low glucose signaling (Table 5.2), which is a response to carbon deprivation, appears to have

been activated, not every tissue or cell type in the ovary at 1DAP are likely to have received

sufficient hexose to meet its metabolic needs.

Overall, the data suggests the down-regulation of the starch and sucrose biosynthesis and

up-regulation of the starch and sucrose degradation pathway in the drought stressed ovaries,

with no comparable change in the leaf meristem.

5.2 Invertase in its Metabolic and Likely Signaling Role

Invertase plays a key role in providing hexose to the embryo and endosperm to support

the cell cycle and cell division [64]. Furthermore, our current RNASeq data revealed several

invertases that were differentially expressed in the ovary tissue and the leaf meristem. As the

activities of the invertases are critical and since many invertases were differentially expressed

in both tissues, the expression of members of the invertases family were validated using

qRT-PCR in both tissues (Figure 2.2). As shown in Figure 2.2, the expression of genes for

two soluble invertase (Ivr1 and Ivr2 ), three cell wall invertase (Incw1, Incw2 and Incw4 )

and three neutral invertase (Inn1, Inn2 and Inn3 ) were significantly down-regulated in

the drought stressed ovary tissue, while, in the leaf meristem, one invertase (Inv1 ) was

slightly up-regulated. In addition to the differentially expressed genes detected by qRT-

PCR, three more genes encoding proteins similar to neutral invertase (GRMZM2G007277,
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GRMZM2G115451, and GRMZM2G18737) were significantly down-regulated in the ovary

tissue. It has been widely reported that invertase activity in the developing seeds of maize

is mainly due to two cell wall invertase genes [65]. In a mutant deficient in INCW2 reduced

cell number and cell size were also observed [66]. An equivalent result was observed in our

data where the expression of Incw1 and Incw2 is lowered (Figure 2.2), the cell cycle appears

to be inhibited, and ultimately seed number was reduced (Table 2.2).

Both cell wall and soluble invertases were down-regulated under drought stress in the ovary,

whereas one soluble invertase was up-regulated in the leaf meristem. This suggests a distinct

difference in the response of sugar metabolism and most likely sugar signaling between the

two tissues under drought stress. The down-regulation of invertases in the ovary echoes the

results of [1], which also reported an accompanying buildup of sucrose in that tissue under

drought stress. The consequence of this is most likely a decrease in glucose levels, one of the

products of invertase activity, disrupting the hexose/sucrose ratios in the ovary, as discussed

by [1]. Furthermore, the buildup of sucrose in drought stressed ovaries demonstrated by [1],

makes it less likely that the supply of photoassimilate to the ovary is a crucial player in the

early embryo abortion phenomenon, as opposed to later stages of seed development when

demand for carbon skeletons is much greater.

Cell wall invertases may also play a signaling role since, in Arabidopsis, a cell wall inver-

tase was demonstrated to bind to phosphatidyl monophosphate 5-kinase, a component of

a signaling pathway associated with the regulation of growth and the mediation of cellular

drought signaling. However, phospholipase C genes, which catalyze the crucial IP3 generat-
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ing step in PI signaling, were down-regulated in both tissues, suggesting that differences in

PI signaling may not form part of the mechanism(s) that underlies the relative sensitivity of

early maize embryos to drought stress. The result of the repression of the soluble invertase

will be less substrate available to associate with mitochondrial hexokinase to provide ADP to

maintain coupled electron transport. Hexokinase, as a signaling molecule, senses a decrease

in available glucose and activates the SnRK1 pathway; however, in the drought-stressed

ovaries, hexokinase most likely cannot function metabolically because glucose is not avail-

able. Under these conditions, increased ROS arises in the mitochondrion and, most likely,

other subcellular locations (due to a lack of substrate) to the point where the ROS scaveng-

ing genes are down-regulated, a symptom of stress susceptibility. Comparable events were

not detected in the leaf meristem; in contrast, in the leaf meristem the increase in invertase

activity can be interpreted as a response to a decrease in available carbon skeletons.

5.3 Hexokinase 1 in its Metabolic and Signaling Role

Hexokinase 1 exerts the same catalytic function as other members of the gene family [67].

A continuous and efficient supply of glucose to hexokinases, including the enzyme that is

associated with the mitochondrion, is necessary to maintain its activity at a rather constant

level, which is needed to control the flux through the mitochondrial electron transport chain

and avoid ROS buildup [68]. The maize homolog of HXK1, the sensor of low glucose levels,

was up-regulated in the ovary, as were HXK1 targets such as a homolog of ABI5, while a
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homolog of CAB2 was down-regulated, as predicted by the HXK1 sensing pathway (Figure

5.2). This is consistent with signaling through the low glucose signaling pathway established

in Arabidopsis [69, 67, 70, 71]. The response of the CAB homolog in a non-photosynthetic

tissue, such as the maize ovary, suggests that this gene can function as a signaling component

in an environment in which the encoded protein is not fulfilling its better known role as part

of the photosynthetic apparatus. The low glucose sensing pathway functions under stress

conditions, and, under carbon deprivation with low glucose, it is reported that hexokinase1

signaling is uncoupled from stress responses and from its interaction with ABA-related events

[67]. This may have occurred in the drought stressed maize ovaries. However, since the

experimental system employed by those workers is so far removed from the maize system, it

is difficult to determine whether or not such an uncoupling took place under drought in the

drought-stressed ovaries.

5.4 Responses in Raffinose and Trehalose Metabolism

The MapMan bin corresponding to raffinose synthesis genes was studied to understand the

stress response on raffinose metabolism in both tissues. As shown in Figure 5.3, two genes

(GRMZM5G872256 and GRMZM2G165919) encoding galactinol synthase were up-regulated

in the ovary tissue, whereas no galactinol synthase genes were differentially expressed under

drought stress in the leaf meristem. Four genes annotated to seed imbibition, were up-

regulated in the ovary, while two genes belonging to the same class were down-regulated.
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Only one gene annotated to seed imbibition was differentially up-regulated in the leaf meris-

tem (Figure 5.3). The up-regulation of these genes in the ovary tissue suggests an increase

in raffinose and galactinol synthesis. Increased levels of galactinol and raffinose are known

to be involved in ROS (Reactive Oxygen Species) scavenging [72, 73, 69]. However, the

ROS scavenging action provided by raffinose may not have compensated for the loss of ROS

scavenging action by down-regulated anitoxidant genes (Table 4.2), since embryo abortion

still took place. Galactinol and raffinose synthesis genes have a W-box cis element in the

promoter region, which is bound by SnRk1. SnRK1, along with bZip and TP6, forms a reg-

ulatory complex that is known to be functional under carbon starvation conditions [69, 74].

The data shows the up-regulation of the SnRk1 gene (Figure 5.2) in the ovary tissue, which

also suggests a possible mechanism for up-regulation of the raffinose synthesis genes by

SnRk1 through W-box cis element. Two trehalose phosphate synthase (TPS) genes and

several putative TPS genes were up-regulated in the ovary tissue, suggesting increased TPS

levels in the ovary tissue. The data suggests the activation of the SnRk1, bZip, and TPS

regulatory network in the ovary tissue. One of the influences of this regulatory network

is the down-regulation of the carbon metabolism-associated gene involved in biosynthesis

and up-regulation of the genes involved in catabolism. The pattern observed for starch and

sucrose metabolism-associated genes in drought stressed ovaries suggests such an influence

of the SnRK1 complex.
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5.5 ABA Related Effects

ABA is a major plant hormone that plays a key role in adaptive responses to drought stress

[75]. ABA regulates a large number of genes in Arabidopsis [76]. The first committed step

in ABA synthesis is catalyzed by 9-cis-epoxycarotenoid dioxygenase (NCED gene family)

[77, 78]. The extent of stress-mediated synthesis of ABA is also influenced by the ZEP gene

family [79]. A drought-mediated increase in ABA levels has been reported at the time of

anthesis in maize exposed to stress for longer periods before pollination [18, 3]. In agree-

ment with these findings, the data reported here show up-regulation of ABA biosynthesis

genes in the ovary tissue (Figure 5.4). Genes with weak similarity to the AAO class in

Arabidopsis and known to catalyze the last step in ABA synthesis were down-regulated in

ovary tissue. However, AAO3, which is the gene specifically responsible for ABA synthesis

in seeds [80], was unaffected by exposure to drought in either tissue. In fact, previous studies

have shown that single loss of function mutants of AAO1 and AAO4 [80] (down-regulated in

the present study) did not change endogenous ABA levels when compared to the wild type.

A large number of transcription factors (TFs) are known to be involved in ABA mediated

responses. Major positive regulators of ABA mediated response include the TFs belonging

to the bZIP class [76]. Members of the bZIP gene family are known to regulate important

cellular processes in all eukaryotes [76]. An important transcription factor in this class is

ABI5, a positive regulator of ABA signaling, which is expressed in seeds and mainly serves as

a developmental checkpoint [81]. The up-regulation of the genes involved in ABA synthesis

and the ABI5 transcription factor in the drought stressed ovary tissue suggest the activation
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of the ABA mediated response pathway, which induces the expression of many genes that

play an important role in drought responses [82]. Members of the ABF gene family are

known to be induced in vegetative tissue under drought stress [76], this is in accordance

with the up-regulation of ABF4 gene in the leaf meristem observed in this thesis. The late

embryogenesis abundant proteins (LEA) up-regulated in the ovary tissue belongs to another

of the many classes of ABA-induced genes.
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Figure 5.1: Effects of drought stress on the expression of genes associated with starch

and sucrose metabolism. Drought stress responses associated with starch (A) and sucrose

metabolism (B) in ovaries with a table showing the gene names, putative function and ex-

pression values
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Figure 5.2: Effects of drought stress on the expression of genes associated with energy

level signaling in ovary and leaf meristem tissue. The checkmark indicates known positive

regulation or known hexokinase signaling
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Figure 5.3: Differential expression of genes involved in raffinose synthesis in ovary and leaf

meristem tissues with a table showing gene names, putative function and expression values.
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Figure 5.4: Maize genes involved in ABA synthesis and ABA mediated response as classified

by MapMan. Annotation Source: MapMan. The expression values are log-fold and (-)

indicates failure to meet the significance cutoff or undetected



Chapter 6

Conclusions

The RNASeq pipeline developed in this research, as shown in Figure 3.5, has various steps

starting from Illumina raw reads processing until GO enrichment results. Nearly 85% of the

reads mapped, uniquely or at multiple locations, to the maize masked reference genome in

both tissues. This high percentage of mapped reads suggests both accuracy of the mapping

tool used (Tophat), and the completeness of the B73 maize genome sequence. Out of the total

mapped reads, approximately 73% of the reads mapped to previously annotated transcripts,

which account for approximately 68% of the total assembled transcripts. The remaining

transcripts comprise 16-17% novel spliced isoforms and 2.5-3% intergenic transcripts. The

low number of novel intergenic transcripts identified suggests that the maize gene models

are more or less complete. Out of the known transcripts, 13709 and 3942 transcripts in

the ovary and leaf meristem, respectively, are drought responsive. Among the novel isoforms

identified, 4147 in ovaries and 2404 in leaf meristem are drought responsive. The alternatively
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spliced isoforms representing 22% of total assembled reads suggest a relatively high level of

post-transcriptional regulation.

The GO annotation of maize gene models are incomplete; to date only 8830 gene models

have biological process annotation. Hence, in order to provide additional levels of analysis,

MapMan and an extensive literature review on drought related responses were used. The

type of analysis described here, gives a good example in dealing with species that have very

limited GO annotations.

Taken together, Figure 5.4 suggests that the ABA levels have increased a to greater extent in

the drought-stressed ovaries when compared to the leaf meristem. This increase in ABA levels

may have caused in the observed down-regulation of genes encoding both cell wall and soluble

invertases (Figure 2.2). The repression of the soluble invertase may have compounded the

effect of lowered cell wall invertase with respect to its metabolic function, since less substrate

was available to associate with mitochondrial hexokinase to provide ADP to maintain coupled

electron transport. As Figure 5.2 suggests, hexokinase as a signaling molecule might have

sensed a decrease in available glucose and activated the SnRKI pathway. However, the same

hexokinase is metabolically inactive because of low glucose levels. Under these substrate

deficient conditions in the drought stressed ovaries, it is very likely that the ROS levels have

increased to the extent where genes encoding ROS scavenging proteins were down-regulated

in the mitochondrion and cytosol (Figure 4.2). The ABA action along with the repression of

invertases, in drought stressed ovaries, may have resulted in a process very similar to ABA

mediated acceleration of senescence, shown in leaves by others [10].This may be related to
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the action of SnRK1, since DIN1, a SEN gene, and SnRK1 target genes, was up-regulated in

the stressed ovaries. SnRK1 also may have inhibited AGPase expression, and a co-regulation

mechanism to decreases in expression of other genes related to starch biosynthesis.

To conclude, the signature of gene expression observed in the drought stressed maize ovaries

at 1DAP is in agreement with the activation of PCD, the halting of the cell cycle, impaired

drought, and heightened carbon starvation signaling, mediated by ABA, cell wall and soluble

invertases, and by increases in ROS to toxic levels due to mitochondrial malfunctioning and

perhaps also in other subcellular locations. The data suggest that these events did not take

place in the leaf meristem, where antioxidant defense mechanisms operated successfully, and

the downstream changes associated with cell death and PCD did not occur. Interestingly,

the gene expression data suggest that PI signaling may be impaired in both tissues, since

PLC mRNAs levels were down-regulated by drought in both data sets.

Figure 6.1 shows the overview of drought stress effects on maize ovary tissue at 1DAP. The

core figure is drawn according to Systems Biology Graphical Notation (SBGN) Activity Flow

specifications (Level 1 Version 1) using Virginia Tech′s Beacon software. Shaded colors group

glyphs with similar processes or events. The relationships, or arcs, express the nature of the

influence (positive, negative, or unknown) between the glyphs and summarize this thesis

findings along with support from the literature.
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Figure 6.1: Overview of the working hypothesis
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