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ABSTRACT 

All above ground organs of higher plants are ultimately derived from shoot apical meristems (SAMs). The 

SAM exhibits distinctive structural organization, and monocot SAMs such as maize are comprised of a 

single cell layered tunica (L1) and a corpus (L2).  Although recent research has revealed roles of these cell 

layers in the SAM, intra- and inter-cell-layer signaling networks involved in organ development remain 

largely unknown except for a few differentially expressed genes. In this study, various types of 

transcription factors were identified that exhibited differential expression between L1 and L2 cell layer 

within maize SAMs using microarray and RNA-seq experiment. In addition, genes related to signal 

transduction were identified as being highly expressed in the L1 cell layer relative to L2, suggesting the 

possible novel cellular communication pathways. In total, 5,739 genes (26% of assayed genes) were 

identified as differentially expressed genes between the two cell layers (false discovery rate < 5%). 

Interestingly, although the L1 cell layer only occupies a small proportion of SAMs, the transcript diversity 

in the L1 is about 3 fold higher than in the L2. Transcriptomic diversity in the L1 is further supported by 

our fluorescence hybridization in situ and cross-reference analysis showing various genes exhibit highly 

divergent expression pattern across the L1 cell layer. Furthermore, genes involved in various aspects of 

chromatin modification are significantly over-represented (p value = 1.2e-14) among the differentially 

expressed genes, suggesting a role for chromatin modification in cellular differentiation in maize SAMs. 

 

INTRODUCTION 

All above ground organs of higher plants are ultimately derived from specialized organogenic  

structures termed shoot apical meristems (SAMs) [1] which are specified during embryogenesis.  

SAMs exhibit distinctive structural organization, marked by clonally distinct cell layering [2]. In 

Arabidopsis, SAMs are composed of three layers: L1 (epidermal), L2 (subepidermal) and L3 (inner layers). 

L1 and L2 each consist of a single cell layer, together forming the tunica, and undergo principally anticlinal 

cell divisions. The underlying L3 cells do not show particular restrictions in their division planes and form 

the corpus. In contrast, the SAMs of monocots, such as maize, usually are comprised of two cell layers, a 

single cell layered tunica (L1) and a corpus (L2).   

 

In addition to this layered structure, SAMs also display histological zonation associated with different  
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functions during the development. For example, lateral organs arise from the peripheral zone and the self-

regenerating stem cells are located in the central zone that includes both tunica and corpus cells. 

Maintaining stem cell identity and organogenesis activities are tightly regulated by a complex regulatory 

network involving various transcriptional factors and signal transduction proteins, as well as epigenetic 

factors. In Arabidopsis, WUSCHEL/CLAVATA (WUS/CLV) and KNOX define two of the main pathways 

involved in the SAM development. The WUS gene encodes a homeodomain transcription factor 

responsible for the initiation and maintenance of stem cells during embryogenesis and SAM development, 

respectively [3]. The CLV family includes CLV3, small polypeptide produced from stem cells, which 

interacts with the CLV1-CLV2 receptor complex to initiate downstream events that repress the expression 

of WUS. The WUS/CLV pathway is conserved between mono- and dicot species. The KNOX pathway 

regulates meristem cell fate and in the SAM the highly induced KNOX gene suppresses leaf differentiation 

[4]. SAM development can also be regulated by chromatin remodeling factors involved in chromatin 

assembly and remodeling, histone modification, and other functionally unknown chromatin proteins. Such 

chromatin remodeling factors can regulate the spatial or temporal expression of key transcription factors 

required for either meristem maintenance or leaf or flower organogenesis [5]. For example, the Arabidopsis 

FAS1 and FAS2 genes encode two subunits of chromatin assembly factor 1 (CAF-1) complex, which 

suppress the spatial expression of WUS in the SAM; consequently mutants of FAS1 and FAS2 exhibit 

aberrant SAM development. 

 

Nevertheless, the intra- and inter-cell-layer signaling networks that enable coordinated organ development 

from the SAM remain largely unknown. It is known that some genes are differentially expressed between 

these cell layers. Maize “outer cell layer” genes such as ZmOCL1 and ZmOCL4, which belong to the class 

IV homeodomain-leucine zipper (HD-ZIP) IV gene family, exhibit L1-specific expression in the SAM 

[6,7].  On the other hand transcripts of the KNOTTED1 (KN1) gene, which is important for meristem 

indeterminacy, are known to accumulate in the L2 but not in the L1 of the maize SAM [8].   

 

We used laser capture microdissection (LCM) to isolate RNA from the L1 and L2 layers. In an effort to 

identify novel genes potentially critical for cell-layer-specific functions the transcriptomes of these two cell 

layers were characterized using both microarray and RNA-seq technologies . The L1 transcriptome is much 

more diverse than that of the L2. Furthermore, >5,000 genes were differentially expressed between L1 and 

L2 in which various types of genes were over-represented including homeobox genes, lipid-related 

signaling proteins, chromatin-modification related genes, etc. Possible functions of these genes in clonally 

distinct cell layers in the SAM are discussed.  



RESULTS 

Gene expression analysis in L1 and L2 cell layers of SAM via LCM, microarray and RNA-seq 

technologies 

Gene expression patterns were characterized in the L1 and the L2 of the maize SAMs. L1 and L2 tissues 

were collected from SAMs in 14-day-old B73 maize seedlings via LCM (Figure 1). L1 and L2 tissues in 

the SAM proper above the plastchron 0 (P0) level were mainly targeted with occasional inclusion of P0 

(Methods). In total, 6 biological replications of RNA samples were extracted from L1 and L2 cell layers 

followed by RNA amplification and synthesis of double-stranded cDNA according to previous procedures 

and subjected to hybridization onto 3 different SAM microarrays [9] spotted with meristem-enriched ESTs 

(Table S1). A pool of RNA sample from L1 of 13 SAMs and a pool of RNA samples from L2 of 13 SAMs 

were extracted, amplified and subjected to Illumina/Solexa sequencing (Methods). Quality controls were 

performed for all the amplified RNA samples (Figure S1).  

 

For the RNA-seq experiment, in total, 3.1 million reads from the L1 and 8.6 million reads from the L2 

could be uniquely mapped to the Maize Genome Sequencing Project’s (MGSP’s) B73 reference genome 

[10]. Differentially expressed genes were identified from the microarray and RNA-seq experiments, 

respectively. The reads from RNA-seq experiment were mapped to the “filtered gene set” annotated by 

MGSP [10]. Among reads that could be uniquely mapped to the genome, 2.6 million (85%) from L1 and 

7.4 million (86%) from L2 aligned to gene models (Table S2). At least one Illumina/Solexa read from at 

least one of the two cell types aligned to 21,602 of the 32,540 genes in the MGSP’s filtered gene set (Table 

S2). Of the 21,602 genes assayed in the RNA-seq data, 5,605 (26% of 21,602) could be declared to be 

differentially expressed between the L1 and L2 cell layers at an estimated 5% False Discovery Rate (FDR). 

 

For microarray experiment, each microarray hybridized with cDNA samples of L1 and L2 RNAs were 

scanned at multiple intensities [11] followed by differential expression analysis for each type of 

microarrays across 6 biological replications using LIMMA [12]. Using an estimated FDR of less than 0.05 

as significance cut-off, 805 ESTs (2.1% of the 37,662 informative maize ESTs on the microarrays) were 

found to differentially accumulate between the L1 and the L2  

 

Significant correlation between RNA-seq and microarray experiment  

To compare the results of gene expression measured from microarray and RNA-seq, EST sequences on the 

microarrays were mapped to the MGSP’s filtered gene set. Of the 37,662 ESTs assayed in this study, 

29,460 (78%) can be uniquely mapped to the genome and of these 29,460 ESTs, 22,450 (76%) can be 

mapped to 9,671 filtered genes. Consequently, the 805 ESTs showing differential expression can be 

mapped to 370 filtered genes with 198 (54%) being up-regulated in L1 relative to L2. In total, there are 

9,053 genes existing in both experiments. Of these, 236 genes were identified as differentially expressed 

genes in both experiments (Figure S2). To check the consistency between the two technologies, three 



different analyses were conducted. First, the observed number of DE genes overlapped in both experiments 

is significant higher than expected by chance through a Chi-square test (p value=0.0008). Second, among 

the 236 DE genes detected in both experiments, we also investigated whether the expression ratios (L1/L2) 

from both experiments showed same direction. In total, 221 out of 236 genes (91%) are consistent with 

each other, which is much higher than the expected number of genes under the null hypothesis of no 

correlation (Table S3; p value < 2.2e-16). Lastly, the overall fold changes obtained from the two 

experimental approaches also generally agreed with each other (Figure S2).  Accounting for the high 

consistency for detecting the differential expression between the microarray and RNA-seq experiments, a 

union of expression results was established by pooling the results from both experiments (Methods). In 

total, 5,739 (26%) genes were identified as being differentially expressed between the L1 and L2 cell layers, 

with about half (2,917) being up-regulated in the L1 relative L2 cell layer (Table S4). By using the InterPro 

annotation of the filtered gene set from the MGSP, several protein domains were identified that are 

overrepresented in the differentially expressed gene set (Table 2), including homeobox, lipid-binding 

START, TATA box binding protein associated factor, pentatricopeptide repeat (PPR) and several histone 

related ones.  

 

Control genes exhibit SAM cell-layer specific expression pattern 

Several previously described genes that accumulate in either the L1 or the L2 were considered as marker 

genes for the two cell layers. For example, the maize outer cell layer (ZmOCL) genes, the member of HD-

ZIP IV gene family, have been showed to be specifically expressed in the whole L1 cell layers. In either or 

both our microarray and RNA-seq experiments, ZmOCL1, ZmOCL3-5 were shown to be up-regulated in 

the L1 cell-layer (Table S8). Several genes have been shown previously to be mainly expressed in the L2 

rather than the L1, such as the shoot apical meristem maintenance gene knotted-1 [13], ZmWuschel [14],  

ZmPIN1a and ZmPIN1b, two putative candidates for polar auxin transport and plant architecture 

determination in maize [15]. Similarly, all such control genes up regulated in the L2 cell layer were 

confirmed by our RNA-seq experiments or detected as being differentially expressed by our microarray 

experiment.  

 

Higher diversity in the L1 transcriptome than in the L2 transcriptome 

Our foldchange and diversity analysis revealed that the L1 showed transcript higher diversity than the L2. 

In the RNA-seq experiment, among the 2,838 genes up-regulated in L1 relative to L2, 389 (14%) genes 

showed 10 times higher transcript accumulation levels in L1 relative to L2 (Figure 2). However, among the 

2,767 genes that are up-regulated in the L2 relative to L1, only 99 (3.6%) showed 10 times higher fold 

changes (Figure 2).  Thus, more genes are highly expressed in the L1 than those that are highly expressed 

in the L2. This type of  fold change pattern was also observed in the microarray experiment. Of those 

showing differential expression, 444 genes (55%) are up regulated in the L1 relative to the L2 and 361 

(45%) genes are up regulated in L2 relative to the L1. Furthermore, fold changes varied between the L1 up-



regulated and the L2 up-regulated ESTs (Figure 2). Approximately 6% (22/444) of the L1-up-regulated 

ESTs exhibited more than a ten-fold change (L1/L2), whereas less than 1% (3/361) of the L2-up-regulated 

ESTs exhibited more than a ten-fold change (L2/L1).  

The observation of higher expression in L1 could be due to the higher diversity of L1 transcriptome than 

L2. For example, if a gene is expressed in L1 but not in L2, the foldchange of L1/L2 will become to 

infinitely positive. To test this hypothesis, the number of genes sampled by every 1 million RNA-seq reads 

was calculated between the L1 and L2 transcriptomes (Table S2). This analysis indicated the diversity of 

L1 transcriptome is about 3 fold higher than in the L2. This conclusion can be further supported by the 

cross-reference analysis of domain-specific gene expression analysis within SAMs. In our previous study, 

we compared gene expression between the P0/P1 leaf primordia and the SAM proper section and identified 

962 genes that are differentially expressed in the P0/P1 leaf primordial. By mapping these genes to the 

filtered gene set used in this study, 334 genes were identified that exhibited differential expression in both 

experiments.  Of these, 124 genes were up-regulated in L1 relative L2 and also up-regulated in P0/P1 

relative to the SAM proper. Thus, among the 2,917 genes up regulated in the L1, at least 124 (4.3%) mainly 

express in the leaf primordial sites. It is known that some other genes, e.g. ZmOCL 1-5, show almost 

uniform expression across the L1 cell layer. These observations indicate the expression pattern across 

different genes exhibits large variation and further support the diverse L1 transcriptome in spit of the small 

proportion of L1 within SAM tissues.  

  

Lipid genes are highly expressed in the L1 cell layer 

Lipids are hydrophobic or amphiphilic small molecules many of which have structural or functional roles in 

cell membranes, signal transduction, energy storage, etc. In plants, the wax on epidermal cells mainly 

consist of very long chain aliphatic lipids that are believed to play a role in defense against pathogens. In 

Arabidopsis, a list of candidate genes/proteins have been collected in the Arabidopsis Lipid Gene Database 

[16]. To study the expression of lipid-related genes between the L1 and L2 cell layers, the predicted maize 

homologs of Arabidopsis lipid genes were searched against the filtered gene set derived from the MGSP 

(See Methods). Using annotations from Arabidopsis, in total, 87 (1.5% of DE genes) lipid-related genes 

were identified as being differentially expressed between L1 and L2 cell layers using FDR<5%. The 87 

differentially expressed lipid-related genes were classified into 3 different categories: 63 lipid metabolism 

genes, 6 genes encoding lipid transfer proteins and 18 genes encoding lipid signal proteins (Table S5). 

Interestingly, of these DE genes, 22 across all three gene categories exhibited 10-fold higher expression in 

the L1 cell layer than in the L2 cell layer, suggesting the possible important functions of lipids in multiple 

aspects of SAM development. In addition, we have conducted an over-representation analysis of the 

functional annotation, independent of the Arabidopsis lipid annotation, and identified the lipid-binding 

START domain as being highly over-represented among the differentially expressed genes (Table 2).  

 

Class III and IV HD-ZIP genes are highly differentially expressed between SAM cell layers 



Proteins in HD-ZIP family of transcription factors include both a homeodomain and a leucine zipper motif. 

The HD-ZIP family is unique to plants and functions in multiple biological processes, including for 

example, environmental responses, meristem regulation, mediation of hormones action, organ and vascular 

development. The HD-ZIP family can be classified into four subfamilies (HD-ZIP I-IV) [17]. In this study, 

maize HD-ZIP genes were searched against the filtered gene set using the characterized Arabidopsis genes 

in each of the four subfamilies via blastp and their phylogenetic relationships established using MEGA4 

(Methods). Among the four subfamilies, HD-ZIP III proteins have been characterized in various 

developmental events including SAM development.   The HD-ZIP IV proteins are generally expressed in 

the outer cell layer of the plant organs. Within SAMs, HD-ZIP IV genes have been characterized to being 

specifically expressed in the L1 cell layer. The gene expression pattern of HD-ZIP III and IV were 

compared to their phylogenetic relationships (Figure 3). Interestingly, five maize HD-ZIP III genes assayed 

in this study all showed differential expression with different expression patterns, indicating the complex 

regulatory network for SAM development by HD-ZIP III genes. In contrast, among the 12 maize HD-ZIP 

IV genes, 9 were assayed in this study and they all 9 exhibited differential expression with extremely high 

expression in the L1 cell layer relative to L2. Thus, in addition to the previously described zmOCL genes, 

we have identified 4 novel HD-ZIP IV like genes that are highly expressed in the L1 cell layer.  

 

Genes involved in chromatin modifications are over-represented in the DE genes 

It is known that several chromatin modifications function in the network that regulates SAM development. 

However, to our knowledge a global study of how chromatin modification genes are differentially 

expressed in different cell types within the SAM tissue has not previously been reported. In total, we found 

140 genes involved in chromatin modifications that were differentially expressed between L1 and L2 cell 

layers (Table S6). Of these, 77 (53%) were up-regulated in the L1 cell layer. Compared to the remainder of 

genes, those involved in chromatin modifications are highly enriched amohng the DE genes (Table S7; p 

value =1.2e-14), demonstrating the importance of chromatin modification in the regulation of SAM 

function. A wide variety of chromatin-associated genes exhibited differential expression between the L1 

and L2 cell layers within SAMs, including those affecting various histone modifications, such as histone 

methylation, acetylation and deacetylation.  Similarly to the lipid genes, the independent statistical analysis 

on functional annotation showed several histone related protein domains are over-represented in the 

differentially expressed genes. 

 

Quantitative RT-PCR (qRT-PCR), RT-PCR and in situ hybridization 

qRT-PCR analyses were performed on six genes that were significantly up-regulated in the L1 relative to 

the L2.  These six genes included zyb15, DL, bHLH1, bHLH2, WW1 and WW2 (Table 1). Expression level 

of WW3, the third maize WW gene identified via BLAST searches (Figure S3), between the L1 and the L2 

was also analyzed via qRT-PCR.  Each of these six genes is more highly expressed in the L1 than in the L2 

(Figure 4).  Although two L2 samples did not yield fluorescence above the detection threshold for WW3 



L1-Cy5/L2-Cy3) were hybridized to each of the three SAM-enriched cDNA microarrays [SAM1.0 

(GPL2557), SAM2.0 (GPL2572), and SAM3.0 (GPL3538)] [9] according to Swanson-Wagner et al. [31].  

Details regarding the cDNA microarrays are available at http://www.plantgenomics.iastate.edu/maizechip/. 

 

Microarray analysis 

Each of SAM1.0 arrays was scanned seven times with a ScanArray 5000 (Packard BioScience, which is 

now PerkinElmer, Wellesley, MA, USA) and each of SAM2.0 and SAM3.0 arrays was scanned nine times 

with a Pro Scan Array HT (PerkinElmer).  Subsequently, three data sets (with low, medium and high laser 

settings) were selected from from each array [31]. The Limma R package was used to identify differentially 

expressed genes. On a spot-by-spot basis, the scan with the smallest FDR value was selected for subsequent 

analyses. As a result, this study reports the gene expression patterns of 37,662 “informative” spots from the 

three microarrays. Microarray data have been deposited in the GEO database 

(http://www.ncbi.nlm.nih.gov/geo/) under accession number GSE9610.  

 

Illumina/Solexa high-throughput sequencing and data processing 

Thirteen separate collections of L1 and thirteen separate collections of L2 cell layers were used to form the 

L1 and L2 pools. Collected tissues were used for RNA extraction, RNA amplification and synthesis of 

double stranded cDNAs according to our previous published procedures. Illumina/Solexa libraries were 

constructed using these double stranded cDNAs following Illumina/Solexa’s standard protocol for genomic 

library preparation. The resulting Solexa reads were processed as described previously [32]. For genes 

assayed in both experiments, the results from the experiment showing the lower FDR were used in the 

union result set. To generate a union set of statistical test results from microarray and RNA-seq, the genes 

assayed unique to either microarray or RNA-seq were pooled together directly.  

 

Phylogenetic analysis of HD-ZIP gene family 

The known protein sequences in HD-ZIP III and IV sub-gene family from Arabidopsis and maize were 

used as query sequences to search the candidate maize homologs via blastp against maize protein sequences 

corresponding to the filtered gene set annotated by the MGSP. Those sequences with e-values smaller than 

1e-10 and bit scores equal to or greater than 100 were kept for further analyses. The retrieved protein 

sequences within each sub-gene family were aligned with ClustalW using the default settings [33]. 

Phylogenetic and molecular evolutionary analyses were conducted on the aligned sequences using MEGA 

version 4 [34]. 

 

Quantitative RT-PCR 

Quantitative RT-PCR (qRT-PCR) analyses were performed using the aRNA sample pair 1, 2 and 3 (Table 

S1) according to Skibbe et al. [11] with minor modifications.  The sequences of the primers are as follows: 

zyb15-forward; 5’- TTAGAGCGCGCATCAAGTAG-3’, zyb15-reverse; 5’- 



GCAGACATACGCAAACATGG-3’ (both AY313902 and DN208255 include these sequences; Table 2), 

DL-forward; 5’- CCGCTGTTGTAGCCCAGTAT-3’, DL-reverse; 5’- GCGTACAATCCAACCATAACG-

3’, bHLH1-forward; 5’- ACCACCAGACGAGTTTGTGA-3’, bHLH1-reverse; 5’- 

GGATGATGTAACCAACAGCCTAC-3’ (both DV492549 and DN211708 include these sequences; Table 

1), bHLH2-forward; 5’- ATGCTGCGAGATTTGGTAGG-3’, bHLH2-reverse; 5’- 

ACAAACAGCAGGCTCGATCT-3’ (both DV492799 and DN208982 include these sequences; Table 1).  

The primers used for the maize WW genes (WW1, WW2 and WW3) are described in the previous section. 
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TABLE 1 

Differentially expressed transcription factors and signal transduction components 

Platform 
Gene ID Annotation FC FDR 

Array RNA-seq 

GRMZM2G079293 Zea mays yabby15 (zyb15) 26.4 5e-120 Y Y 

GRMZM2G074543 zyb9 55.7 5.6e-39 N Y 

GRMZM2G088309 DROOPING LEAF homolog (DL) 3.4 4.7e-04 Y N 

GRMZM2G178182 
Putative basic helix-loop-helix 

transcription factor gene (bHLH1) 
25.7 8.6e-37 Y Y 

GRMZM2G046493 bHLH2 18.8 1.3e-53 Y Y 

GRMZM2G067223 
WW domain-containing protein 

gene (WW1) 
31.5 1.3e-243 Y Y 

GRMZM2G035305 WW2 1.8 1.0e-03 Y Y 

GRMZM2G124053 WW3 Inf 4.8e-16 N Y 



TABLE 2 

Over-represented Interpro_IDs among the Differentially Expressed Genes 

Interpro_ID No. DE Genes No. non-DE genes P value FDR Interpro_name 

IPR000164 14 5 6.52E-05 3.41E-02 Histone H3 

IPR001356 46 44 1.06E-05 8.28E-03 Homeobox 

IPR002885 47 350 6.16E-16 2.89E-12 Pentatricopeptide repeat 

IPR002913 19 6 1.37E-06 1.29E-03 Lipid-binding START 

IPR004823 13 4 6.38E-05 3.41E-02 
TATA box binding protein 

associated factor (TAF) 

IPR005818 15 6 6.36E-05 3.41E-02 Histone H1/H5 

IPR005819 34 17 2.27E-08 2.67E-05 Histone H5 

IPR007125 51 24 2.27E-12 5.33E-09 Histone core 

IPR009072 57 46 1.99E-08 2.67E-05 Histone-fold 



FIGURE LEGENDS 

Figure 1.  Collecting L1 and L2 tissues of maize SAMs from 14-day-old maize seedlings via LCM. (A) to 

(E) show the same section.  (A) A SAM section before L1 collection.  Leaf primordia are numbered 

according to their relative developmental ages, wherein P0 (0) corresponds to the incipient leaf forming on 

the flank of the SAM.  (B) The laser cutting outlined the L1.  (C) After collecting the L1 ( Methods).  (D) 

The laser cutting outlined the L2.  (E) After collecting the L2.  Bar: 100 μm. 

 

Figure 2.  Density plots and bar plots of foldchange for both array and RNA-seq experiments. Density plot 

of foldchange from microarray (A) and RNA-seq (C); Bar plot of foldchange from microarray (B) and 

RNA-seq (D).  

 

Figure 3: Phylogenetic trees of the HD-ZIP III and IV sub gene families with t he corresponding gene 

expression patterns. (A) HD-ZIP III sub-family; (B) HD-ZIP IV sub-family.  

 

Figure 4. Quantitative RT-PCR (qRT-PCR) analyses of six differentially regulated genes. Fold changes 

(L1/L2) from qRT-PCR analyses (black bars) and the microarray analysis or RNA-seq (gray bars) are 

indicated on a logarithmic scale with six differentially regulated ESTs derived from the microarray 

analysis: zyb15, DL, bHLH1, bHLH2, WW1 and WW2 (Table 1).  Means +SD of the three biological 

replications (Methods) are shown.  

 

Figure 5.  In situ hybridizations. Fourteen-day-old maize shoot apices were analyzed via in situ 

hybridization using anti-sense probes prepared from zyb15 (A), a maize DL homolog (B), bHLH2 (C), 

WW1 (D) and WW2 (E) cDNA clones.  Leaf primordia are numbered as described in Figure 1.  Bar: 100 

μm.
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CHAPTER 6 General Conclusions 

 

 

SUMMARY AND DISCUSSION 

 

Maize shows extremely high diversity in DNA sequences, gene expression and phenotypes (1-3). The 

transcriptome studies in Chapter 2-5 demonstrate that gene expression is dependent on genotype, tissue 

types as well as regulated by epigenetic factors, confirming that gene expression is controlled and regulated 

by both genetic and epigenetic determinants. Importantly, the identified natural antisense transcripts 

(NATs) and hundreds of identified NAT-eQTL regulate the expression of NATs increase the complexity of 

the regulation of gene expression. These observations and conclusions will enhance our understanding of 

various fundamental biology questions by providing new testable hypothesis.  

 
Multiple factors contribute to heterosis 

Heterosis is the phenomenon that the progeny of particular inbred lines shows superior performance 

compared to both parents (4). Heterosis has been widely exploited by plant breeders and seed companies 

for ~80 years. However, the genetic basis of heterosis is still not clear. Multiple hypotheses have been 

proposed to explain heterosis, including the classic “dominance” and “overdominance” models. The paper 

in Chapter 2 investigated the modes of gene action between a maize hybrid and its inbred parents. Based on 

the fact that all possible modes of gene actions were observed for gene expression between maize Mo17x 

B73 and its parents, we hypothesize that multiple factors or mechanisms contribute to heterosis.  

 

In Chapter 4, a genome-wide discovery of natural antisense transcripts was presented. We conservatively 

estimated almost 40% of maize genes accumulating NATs based on our bioinformatics and RNA-seq 

experiments. NATs have been demonstrated to accumulate in response to stress environments. Once they 

accumulate they can form sense and antisense pairs followed by multiple rounds of small RNA biogenesis. 

Thus, one attractive molecular hypothesis for heterosis is that the actions of small interfering RNAs 

(siRNAs) in hybrids cause the observed underdominant and overdominant gene action observed in the gene 

expression study described in Chapter 2. Furthermore, siRNAs are typically produced from transposons and 

repeats, both of which exhibit extreme diversity across maize inbred lines. In addition, at least two 

transposons were observed to show differential expression between the two inbred lines (5). Thus, siRNAs 

are more likely to differentially accumulate in different maize inbreds. This was supported by a recent 

small RNA study in rice, in which the abundance of distinct small RNAs size classes show differences 

between the two rice inbred lines with many small RNAs being differentially expressed in the hybrids as 

compared to the parents (6). Based on these findings and the fact that siRNAs can regulate gene expression 

by cleaving mRNAs (7) and via transcriptional silencing (8), we hypothesize that the interactions between 

sense and antisense transcripts in different genotypes may contribute to novel gene expression in the 

hybrids and also heterosis.  



In addition, to the hypothesis involving NATs and siRNA, other epigenetic phenomena may contribute to 

heterosis. Recently, Swanson-Wagner et al (9) reported that transcript accumulation in maize hybrids is 

dominantly regulated by the paternally transmitted alleles, suggesting the widespread contribution of 

imprinting or epigenetic process to the regulation of gene expression in maize hybrids. Finally, it is both 

possible and likely that there is interplay between the siRNA and epigenetics mechanisms responsible for 

heterosis. This is supported by the facts that siRNAs are important components in many epigenetic 

processes (10-13). Another evidence for the interplay of these mechanisms is that the accumulation of 

NATs exhibits strong positive correlation with open chromatin modifications and negative correlation with 

closed chromatin modifications as revealed in Chapter 4, indicating the possible epigenetic manner of NAT 

functions. 

 

Epigenetic regulation of gene expression in SAMs 

All above ground organs of higher plants are ultimately derived from shoot apical meristems (SAMs) (14). 

Maintaining stem cell identity and organogenesis activities are tightly regulated by a complex regulatory 

network involving various transcriptional factors and signal transduction proteins, as well as epigenetic 

factors (15). In Arabidopsis, WUSCHEL/CLAVATA (WUS/CLV) and KNOX are the two main pathways 

involved in the SAM development (16). The results from Chapter 3 indicated that most genes (80%) related 

to chromatin modifications were significantly affected by a mutation of epigenetic components in the SAM 

tissue, indicating the extreme importance of epigenetic regulation within the SAM. In addition, in Chapter 

4, NATs have been found widespread in the maize transcriptome and hundreds of NAT-eQTL were 

identified. Accounting for the previous report that NATs can regulate the sense transcription via chromatin 

remodeling, the identified NAT-eQTL and the NATs themselves add the complexity of the regulation of 

SAM development. 

 

PERSPECTIVE 

More and more research resources have become available for the maize research community. For example, 

the whole maize genome assembly is now available with high quality of gene annotation. The maize 

community is for a leader in the application of association studies due to the availability of the NAM 

mapping population [2] with the Hapmap [1] to connect phenotypes and genotypes. In addition, the first 

large-scale data on the maize epigenome landscape have recently been published. Accounting for the 

possibility of interplay between genetic and epigenetic regulation for various different biological processes, 

such as heterosis and signal transduction within the SAM, multiple dimensions of data or approaches 

should be incorporated together to study a specific biological question or problem. Due to the importance 

of epigenetic regulation and relative sparseness of epigenetic data, it would be valuable to generate more 

epigenetic resources, such as epiRIL mapping populations [17], to associate specific phenotypic traits with 

specific intervals linked by different epigenetic markers.  



REFERENCE 

1. Gore MA, Chia JM, Elshire RJ, Sun Q, Ersoz ES, Hurwitz BL, Peiffer JA, McMullen MD, Grills GS, 

Ross-Ibarra J, et al. (2009) Science 326, 1115-1117. 

2. McMullen MD, Kresovich S, Villeda HS, Bradbury P, Li H, Sun Q, Flint-Garcia S, Thornsberry J, 

Acharya C, Bottoms C, et al. (2009) Science 325, 737-740. 

3. Schnable PS, Ware D, Fulton RS, Stein JC, Wei F, Pasternak S, Liang C, Zhang J, Fulton L, Graves 

TA, et al. (2009) Science 326, 1112-1115. 

4. Birchler JA, Auger DL, & Riddle NC (2003) Plant Cell 15, 2236-2239. 

5. Swanson-Wagner RA, Jia Y, DeCook R, Borsuk LA, Nettleton D, & Schnable PS (2006) Proc Natl 

Acad Sci U S A 103, 6805-6810. 

6. He G, Zhu X, Elling AA, Chen L, Wang X, Guo L, Liang M, He H, Zhang H, Chen F, et al. Plant Cell 

22, 17-33. 

7. Xie Z & Qi X (2008) Biochim Biophys Acta 1779, 720-724. 

8. Lisch D (2009) Annu Rev Plant Biol 60, 43-66. 

9. Swanson-Wagner RA, DeCook R, Jia Y, Bancroft T, Ji T, Zhao X, Nettleton D, & Schnable PS (2009) 

Science 326, 1118-1120. 

10. Jia Y, Lisch DR, Ohtsu K, Scanlon MJ, Nettleton D, & Schnable PS (2009) PLoS Genet 5, e1000737. 

11. Wang X, Elling AA, Li X, Li N, Peng Z, He G, Sun H, Qi Y, Liu XS, & Deng XW (2009) Plant Cell 

21, 1053-1069. 

12. Lister R, O'Malley RC, Tonti-Filippini J, Gregory BD, Berry CC, Millar AH, & Ecker JR (2008) Cell 

133, 523-536. 

13. Llave C, Kasschau KD, Rector MA, & Carrington JC (2002) Plant Cell 14, 1605-1619. 

14. Kerstetter RA & Hake S (1997) Plant Cell 9, 1001-1010. 

15. Reyes JC (2006) Curr Opin Plant Biol 9, 21-27. 

16. Veit B (2006) Plant Mol Biol 60, 793-810. 

17.  Reinders J, Wulff BBH, Mirouze M, Mari-Ordonez A, Dapp M, Rozhon W, Bucher E, Theiler G and 

Paszkowski J [2009] Genes Dev. 23, 939-950. 



APPENDIX A. SUPPORTING MATERIAL FOR CHAPTER 3 

 

TABLE S1 

mop1 mutants and non-mutants have distinct SAM morphologies 

 

Genotype SAM ID  Width (μM) 
a 

Height (μM) 
b 

Ratio(Height/Width) 

1 171.0 118.4 0.69 

2 180.1 162.6 0.90 

3 170.7 145.2 0.85 

4 161.3 142.7 0.88 

mop1/mop1 

Mean 170.8 142.2 0.83 

1 221.3 249.3 1.13 

2 156.8 171.6 1.09 

3 157.3 181.3 1.15 

4 151.4 160.8 1.06 

Mop1/mop1 

Mean 171.7 190.8 1.11 
a
 The length of a horizontal line drawn between the initiation points of P0 and P1 was defined as the width 

of the SAM. 
b
 The length of a vertical line drawn from the top of the SAM to the horizontal line was 

defined as the height of the SAM. The averaged width and height were calculated for mutant and non-

mutants across four different SAMs, respectively. A Welch two-sample t-test demonstrated that the mean 

ratio (height/width) of mutants (0.83) is significantly smaller than that of non-mutants (1.11) with p-value 

0.006.  



TABLE S2 

List of differentially expressed DNA transposon families (PDF file) 

 

This table is available and published as a supporting material in PLoS Genetics website at: 

http://www.plosgenetics.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pgen.10

00737.s007 



TABLE S3 

List of differentially expressed retrotransposon sub-families 

 

This table is available and published as a supporting material in PLoS Genetics website at: 

http://www.plosgenetics.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pgen.10

00737.s008 



TABLE S4 

List of differentially expressed chromatin-associated genes 

 

This table is available and published as a supporting material in PLoS Genetics website at: 

http://www.plosgenetics.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pgen.10

00737.s009 



TABLE S5 

Alignment of RNA seq reads to genome and genes 

 

No. Uniquely Mapped Reads  
Genotype 

Total 

Reads 
a 

No. Non-uniquely 

mapped 
b 

To Genome 
c 

To Genes 
d Total genes 

e 

mop1/mop1 4,474,243   950,295 (21%) 2,775,266 (62%) 2,156,241 (78%) 

Mop1/mop1 5,982,599 1,350,921 (23%) 4,113,045 (69%) 3,248,869 (79%) 
24,743 (76%) 

a
 The number of reads after trimming low quality bases at the 3’ end and removing the reads shorter than 

32 bp ; 
b
 The number of reads (percentage) that aligned to more than 1 genomic locations on B73 reference 

genome allowing a maximum of 2 mismatches including insertion/deletions; 
c
 The number of reads 

(percentage of total reads) that aligned to a unique location of the B73 reference genome; 
d
 The number of 

uniquely mapped reads (percentage of uniquely mapped to genome) that can be projected onto gene 

models; 
e
 The union of genes (percentage of all 32,540 all genes) captured from two genotypes.  



TABLE S6 

List of differentially expressed genes and related annotation 

 

This table is available and published as a supporting material in PLoS Genetics website at: 

http://www.plosgenetics.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pgen.10

00737.s011 



TABLE S7 

List of RDR2-sensitive and RDR2-resistant 24 nt siRNA 

 

This table is available and published as a supporting material in PLoS Genetics website at: 

http://www.plosgenetics.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pgen.10

00737.s012 



TABLE S8 

Primer sequences used for qRT-PCR experiment 

 

Gene
a 

Sequence for forward primer Sequence for reverse primer 

hAT AATGCTATGGAGGTGGACGA AGCAATCCATGCTTGTTTGA 

ago4a GCCCACCCACTATCATGTTC TCTCGTCGGCATTAAAACCT 

ago4b TCGAAGTTCCTTGGATGACA TCATTCCTGGAAAGCCAGAT 

ago4c CGCACCCAATCACCTAAAAT CCGTGGCTTAAACAATGAGTC 

ddm1 GCCCCTGCAGAAGTAGCTTT TGGGTACCGTACGGAGAGTC 

liguleless3  GATCTGGCATGTGGAGTGAC CAACCTCAGCTCAGCAGATT 

met1 TGCACCATGAGAAGTTTTCC CTTAGCTTCATGGGTCATGG 

MULE AGTGCAAGTGTGGTGGTCAA CCATGTTGTGATGCTAAAACG 
a
 Details are provided in the legend of Figure 2. 



SUPPORTING FIGURE LEGENDS 

 

Figure S1. Overall expression fold changes of mutant versus non-mutant for differentially expressed DNA 

TEs. In this analysis all members of each differentially expressed super-family were treated as a group. The 

percentage of reads that match each super-family among all mapped reads in each genotype was calculated 

and the fold change was computed as the ratio of the percentage of mutant versus non-mutant for each 

super-family. 

 

Figure S2. Overall fold changes of mutant versus non-mutant for differentially expressed retrotransposons. 

In this analysis all members of each differentially expressed family were treated as a group. The percentage 

of reads that match each family among all mapped reads in each genotype was calculated and the fold 

change was computed as the ratio of the percentage of mutant versus non-mutant for each family. 

 

Figure S3. Distribution of numbers of mapped reads across tested genes. 

 

Figure S4. RDR2-sensitive and RDR2-resistant 24 nt siRNAs in wild-type and mop1 mutants. The log2 

transformation of read counts in non-mutant (x-axis) versus mop1 mutant (y-axis) for each species of the 

4,950 RDR2-resistant 24 nt siRNAs (green dots) and the 33,614 RDR2-sensitive 24 nt siRNAs (red dots) 

were plotted. 

 

Figure S5. p-value comparison between likelihood ratio test and Fisher's exact test. 
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APPENDIX B. SUPPORTING MATERIAL FOR CHAPTER 4 

TABLE S1 

Correlation of NAT gene sets from bioinformatics and RNA-seq approaches 

  NAT genes via Bioinformatics  

  Yes No Total 

Yes 3,625 2,553 6,178 
NAT genes via ssRNA-seq 

 No 14,129 12,233 26,362 

                                      

Total 

17,754 14,786 32,540 

Chi-squared = 52, p-value = 5.9e-13 



 

 

SUPPORTING FIGURE LEGENDS  

 

Figure S1. Bioinformatics procedures for identifying putative genes accumulating NATs 

 

Figure S2. Experimental procedures for identifying genes accumulating NATs via RNA-seq 

 

Figure S3. Plot of genetic positions for eQTL markers and regulated sense and antisense transcripts 
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Figure S1 Jia et al. 
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APPENDIX C. SUPPORTING MATERIAL FOR CHAPTER 5 

 

TABLE S1 

RNA samples for microarray experiments 

RNA 

sample 

pairs
a
 

Cell 

source 

Estimated no. of 

collected cells
b
 

Estimated amount of 

RNA used for 

amplification
c 
(ng) 

Amount of 

amplified 

RNA (μg) 

Microarrays that the 

RNA samples were 

used for
d
 

L1 1,700 (5)
e
 1.0 85 1 

L2 3,800 (5) 1.0 84 

1, 2, 3 

L1 2,100 (8) 1.3 76 2 

L2 7,000 (8) 1.3 87 

1, 2, 3 

L1 2,000 (8) 1.2 71 3 

L2 6,200 (8) 1.2 80 

1, 2, 3 

L1 1,600 (9) 1.0 33 4 

L2 5,200 (9) 1.0 48 

1, 2, 3 

L1 1,600 (6) 1.0 52 5 

L2 4,600 (6) 1.0 71 

1, 2, 3 

L1 1,400 (5) 0.8 67 6 

  L2 4,200 (5) 0.8 64 

1 

L1 1,500 (7) 0.9 36 7 

L2 5,100 (7) 0.9 53 

2 

L1 1,800 (8) 1.1 76 8 

L2 6,400 (8) 1.1 70 

3 

a
These pairs were used for independent biological replications.

 

b
Cell numbers were estimated as described previously (Ohtsu et al., 2007a).  

 

c
All of the RNA that was extracted from the L1 (~1 ng) was used for RNA amplification, whereas only the 

same amount of RNA extracted from the L2 (~1 ng) was used for RNA amplification within each 

replication, which was approximately one third of the total amount of RNA that was extracted from the L2. 
d
Six biological replications were used for each of the three microarrays, SAM1.0 (1), SAM2.0 (2) and 

SAM3.0 (3).  Eight micrograms of each amplified RNA (aRNA) sample were labeled for the microarray 

hybridization except for RNA sample pairs 2 and 3 for SAM1.0 (5 μg of each aRNA sample were labeled).   
e
Numbers in parentheses indicate numbers of the SAMs used for collecting the L1 and the L2 tissues.  

These numbers were not necessarily in proportion to the numbers of collected cells mainly because in some 

cases more sections from a single SAM were not used for tissue collection due to ambiguous morphology 

than in other cases.



 

TABLE S2 

Alignment of RNA seq reads to genome and genes 

No. Uniquely Mapped 

Reads Tissue Run 
No. 

Reads
a 

Total 

Reads
 

To Genome 
b 

To Gene 
c 

No. 

Genes
 

Complexity 

d
 

Total 

Gene 
e 

1 2,062,887 
SAM_L1 

2 1,809,393 
3,871,980 

3,092,818 

(80%) 

2,617,839 

(85%) 
20,681 7,902 

1 6,031,517 
SAM_L2 

2 4,182,443 
10,213,960 

8,564,638 

(84%) 

7,377,516 

(86%) 
19,343 2,622 

21,602 

a 
Number of reads after trimming low quality reads; 

b 
Number (percent) of reads that uniquely mapped to 

B73 reference genome with ratio (genome/all); 
c 
Number (percent) of reads that uniquely mapped to genes; 

d
 Complexity was measured as the number of genes sampled by every one million of RNA-seq in each 

library; 
e 
Union of genes sampled via RNA-seq by two tissue types.   



TABLE S3 

Correlation between microarray and RNA-seq experiments 

No. DE Genes (Arrays) 
 

     Up
 

Down 
Total 

Up      112 (60)         4 (56)    126 No. DE Genes  

(RNA-seq) Down        11 (63)     109 (57)    120 

Total      123     113    236 

Chi-squared value =177 and p-value < 2e-16. 
a
 numbers in parentheses are the expected counts under the 

null hypothesis of no association.  



Table S4 

Identified significant genes between L1 and L2 

This table is uploaded into the ProQuest/UMI database at 

http://upload.cos.com/etdadmin/files/23/59705_supp_1F854FA2-94E9-11DF-8288-4744F0E6BF1D.pdf 



TABLE S5 

Significant genes that were annotated as lipid-related genes 

Annotation  

Lipid metabolism Lipid signal Lipid transfer 

No. of significant genes            63        18            6 

Up-regulated in the L1            43 (16)        12 (5)            5 (1) 

Up-regulated in the L2            20 (0)          6 (0)            1 (0) 

Numbers of L1-up or L2-up-regulated genes (FDR <0.05) that were annotated as lipid metabolism 

components, lipid signal or  genes encoding lipid transfer proteins are presented.  Parentheses indicate the 

number of genes showing more than 10 fold changes.  



TABLE S6  

Differentially expressed genes annotated involving in chromatin modifications 

 

This table is uploaded into the ProQuest/UMI database at 

http://upload.cos.com/etdadmin/files/23/59705_supp_1F94E9BC-94E9-11DF-8288-4744F0E6BF1D.pdf 



TABLE S7 

Overpresentation of chromatin-related genes 

 

No. Chromatin genes 
 

Yes
 

No 
Total 

Yes        145 (84)   5,594 (5,655)   5,739 

No. DE Genes   No        180 (241) 16,280 (16,219) 16,460 

Total        123      113 22,199 

Chi-squared value =59.6 and p-value=1.2e-14. 
a
 numbers in parentheses are the expected counts under the 

null hypothesis of no association.  



TABLE S8 

Control SAM genes showing differential expression between L1 and L2 

Name Gene.ID Pattern FDR FC Platform 

ZmOCL1 GRMZM2G026643 L1>L2 5.9e-162 3.9    Array 

ZmOCL3 GRMZM2G116658 L1>L2 3.8e-107 32.8 Array, RNA-seq 

ZmOCL4 GRMZM2G123140 L1>L2 2.4e-300 51.9 Array, RNA-seq 

ZmOCL5 GRMZM2G004957 L1>L2 9.5e-61 27.6    RNA-seq 

Knotted-1 GRMZM2G017087 L1<L2 0 11.2 Array, RNA-seq 

 Wus GRMZM2G047448 L1<L2 0.04 8.5    RNA-seq 

ZmPIN1a GRMZM2G098643 L1<L2 7e-106 4.8 Array, RNA-seq 

ZmPIN1b GRMZM2G074267 L1<L2 8e-12 3.6    RNA-seq 



TABLE S9 

Cross-reference analysis of domain-specific gene expression in maize SAMs 

L1 vs. L2 
 

UP DOWN 

Total 

UP 124 69 193 
Domain expression 

DOWN 27 114 141 

Total 151 183 334 



Supported figure legend 

Figure S1. Quality check of amplified RNA (aRNA) samples. 

The results of the aRNA sample from the L1 (RNA sample pair 5, Table S1) are presented.  (A) RT-PCR 

products that were amplified with the specific primers for the maize -6 tubulin (tub6) gene and RT 

products derived from reactions with (RT+) and without (RT-) reverse transcriptase were separated on a 

1.2% (w/v) agarose gel.  The expected size of the RT-PCR product is 236 bp.  (B) An image of an aRNA 

sample in a denaturing agarose gel.  Three micrograms of aRNA were loaded.  

 

Figure S2. Correlation between microarray and RNA-seq experiments. Overlap of differentially expressed 

genes (A) and foldchange correlation (B) between the two technologies. 

 

Figure S3. Predicted gene structures and deduced amino acid sequences of the maize WW genes. 

(A) Schematic representations of structures of the maize WW genes.  These structures are based on gene 

predictions on the corresponding MAGIs and the ESTs: MAGIv3.1_25235 and BM078110 for WW1, 

MAGIv3.1_22781 and 60825, DY401079 and DN228961 for WW2, MAGIv3.1_86529 for WW3.  Black 

boxes represent coding sequences.  One intron was predicted at a conserved position (connected by dotted 

lines) for each of these genes.  Intron positions of WW1 and WW2 were supported by the ESTs.  Arrows on 

WW1 and WW2 indicate positions of PolyA starting sites, which were predicted based on terminal polyA 

(T) sequences of BM078110 and DY401079, respectively.  Arrowheads on each of the genes indicate 

positions of primers that were used for qRT-PCR and RT-PCR analyses (see Methods).  (B) Alignment of 

deduced amino acid sequences of the maze WW genes.  Identical and conserved amino acids are boxed with 

black and grey, respectively.  A deduced amino acid sequence (accession no. ABA96334) of one of the rice 

predicted genes that exhibited significant similarities to the maize WW proteins is also presented.  Core 

amino acid sequences of the WW domains are indicated with bars above the alignment.  Important amino 

acid residues in the domain are highlighted with asterisks. 

 

Figure S4. Expression of the maize WW genes in various maize organs. 

RT-PCR analyses were conducted using RNA extracted from various maize organs and primers designed to 

amplify transcripts from the maize WW genes (Methods, Figure S2).  Primers for the maize tub6 gene were 

also used with RT+ and RT- reactions (see Figure S1).  Each of the primer pairs detected transcripts with 

the expected size except for the tub6 primers with RT- reactions.  The organs analyzed were: 1, 59DAPL 

brace root; 2, 79DAPL mixed tissues including tassel, husk, silk, ear with ear shank, leaf with ligule and 

oracle, and node with pith and leaf sheath; 3, 79DAPL husk; 4, 79DAPL silk; 5, 65DAPL tassel; 6, 

65DAPL ear; 7, 15DAP kernel; 8, LCM-collected SAM (Ohtsu et al., 2007a).  DAPL, days after planting; 

DAP, days after pollination. 

 

Figure S5. Scatter plot of expression levels for DE genes  



Expression level was calculated from the log transformed proportion of reads for a given gene within the 

library. Different colors indicate different levels of foldchange as noted.  



 

 

Figure S1 Jia, et al., 
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Figure S2 Jia, et al., 



 

 

Figure S3 Jia, et al., 



 

 

 

Figure S4 Jia, et al., 
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