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Abstract
Comprehensive and systematic transcriptome profiling provides 
valuable insight into biological and developmental processes that 
occur throughout the life cycle of a plant. We have enhanced our 
previously published microarray-based gene atlas of maize (Zea 
mays L.) inbred B73 to now include 79 distinct replicated sam-
ples that have been interrogated using RNA sequencing (RNA-
seq). The current version of the atlas includes 50 original array-
based gene atlas samples, a time-course of 12 stalk and leaf 
samples postflowering, and an additional set of 17 samples from 
the maize seedling and adult root system. The entire dataset con-
tains 4.6 billion mapped reads, with an average of 20.5 million 
mapped reads per biological replicate, allowing for detection of 
genes with lower transcript abundance. As the new root samples 
represent key additions to the previously examined tissues, we 
highlight insights into the root transcriptome, which is represented 
by 28,894 (73.2%) annotated genes in maize. Additionally, we 
observed remarkable expression differences across both the lon-
gitudinal (four zones) and radial gradients (cortical parenchyma 
and stele) of the primary root supported by fourfold differential 
expression of 9353 and 4728 genes, respectively. Among the 
latter were 1110 genes that encode transcription factors, some of 
which are orthologs of previously characterized transcription fac-
tors known to regulate root development in Arabidopsis thaliana 
(L.) Heynh., while most are novel, and represent attractive targets 
for reverse genetics approaches to determine their roles in this 
important organ. This comprehensive transcriptome dataset is a 
powerful tool toward understanding maize development, physiol-
ogy, and phenotypic diversity.

Maize  is a crop of worldwide importance and a valu-
able model for crop biological research. Substantial 

research on maize has focused on characterization of the 
relationships between aerial phenotypes and the under-
lying molecular networks. However, elucidation of the 
molecular mechanisms governing maize root growth 
and development remains comparatively underdevel-
oped. Indeed, it has been proposed that belowground 
characteristics of plants, such as root system architecture, 
nutrient uptake, and N fixation, are promising features 
to be improved on to enable a second “Green Revolution” 
(Lynch, 1995).

Comprehensive knowledge of the transcriptome is an 
integral component of systems biology, a holistic approach 
that strives to understand the role and interaction of 
individual biological components in shaping phenotypes. 
Global transcriptome profiling provides a mechanism 
to access gene networks for the discovery of functional 
connections between genes, messenger RNAs (mRNAs; 
and their regulatory proteins), and temporal and spatial 
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determination of complex traits through coordinated 
and dynamic gene networks (Komili and Silver, 2008). In 
plants, transcriptome profiles capturing development have 
been documented in several species including A. thaliana 
(Schmid et al., 2005), maize (Sekhon et al., 2011, 2013), rice 
(Oryza sativa L.) (Jiao et al., 2009), soybean [Glycine max 
(L.) Merr.] (Libault et al., 2010), barley (Hordeum vulgare 
L.) (Druka et al., 2006), Medicago (Medicago truncatula 
Gaertn.) (Benedito et al., 2008), Lotus japonicus (Regel) 
K. Larsen (Verdier et al., 2013), and Sorghum [Sorghum 
bicolor (L.) Moench] (Shakoor et al., 2014).

Transcriptome analysis efforts in maize have been 
enabled by access to a reference genome assembly 
(Schnable et al., 2009). We previously used maize genome 
sequences to design a custom NimbleGen array and 
developed a gene atlas to document transcription in 60 
unique spatially and temporally separated tissues from 
11 maize organs (Sekhon et al., 2011). This work char-
acterized the global transcriptome of maize and found 
that a large amount of genes are expressed in all tissues 
(~45%), while a small but significant proportion (2.7%) 
exhibit organ specific expression patterns; the utility of 
this dataset was highlighted by examining gene expres-
sion and organ specification of lignin biosynthesis genes 
in maize (Sekhon et al., 2011).

Microarrays have subsequently been replaced by 
RNA-seq, which relies on sequencing-by-synthesis of 
complementary DNA fragments (Wang et al., 2009). 
RNA sequencing offers several advantages including lack 
of background noise commonly observed in microar-
rays as a result of cross-hybridization (Okoniewski and 
Miller, 2006, Royce et al., 2007), enhanced ability to detect 
alternative splicing (Mortazavi et al., 2008; Sultan et al., 
2008), a large dynamic range (>9000-fold) of expres-
sion estimation, and an ability to discern expression of 
highly similar paralogs (Mortazavi et al., 2008; Wang et 
al., 2009; Grabherr et al., 2011). Subsequent to the origi-
nal microarray study, we reported the transcriptome of a 
subset (18) of these 60 tissues using RNA-seq with varying 
read lengths (35, 76, or 101 nucleotide [nt]) and sequenc-
ing depths (5–28 million reads per biological replicate) 
(Sekhon et al., 2013). This dataset provided enhanced 
coverage of the transcriptome, with 82.1% of the filtered 
maize genes detected as expressed in at least one tissue by 
RNA-seq compared with only 56.5% detected by microar-
rays. Additionally, RNA-seq provided higher resolution for 
identifying tissue-specific expression as well as for distin-
guishing the expression profiles of closely related paralogs 
as compared with microarray-derived profiles (Sekhon 
et al., 2013). Other RNA-seq expression datasets in maize 
have focused on specific organs such as leaves, embryo, 
endosperm, and reproductive tissues (Li et al., 2010, 2014; 
Davidson et al., 2011; Chen et al., 2014).

Here, we report an expanded RNA-seq-based B73 
gene atlas, encompassing 79 total RNA samples includ-
ing 50 of the 60 tissues reported in the original microar-
ray-based gene atlas (Sekhon et al., 2011), 12 additional 
postflowering stalk and leaf tissues that were previously 

profiled using microarrays (Sekhon et al., 2012), and 
17 newly profiled root tissues. This comprehensive set 
of transcriptome profiles was produced with a single 
sequencing platform, uniform read length, and analyzed 
using a defined informatics pipeline and provides a new 
robust resource for gene discovery and gene validation in 
maize and other plant species.

MATERIALS AND METHODS

Plant Materials, Growing Conditions,  
and RNA Extraction
Maize inbred B73 was used for constructing all tissues 
of the expanded gene atlas. A concise description of the 
tissues collected to create the gene atlas is presented in 
Table 1. Images of selected tissues from the microarray-
based atlas (Sekhon et al., 2011) are depicted in Supple-
mental Fig. S1a,b. Images of selected tissues from aging 
leaf and internode from Sekhon et al. (2012) are also 
depicted in Supplemental Fig. S1c. Manual separation of 
root cortical parenchyma and stele tissues was performed 
according to Saleem et al. (2010). Newly profiled root 
tissues are shown in Fig. 1 with nomenclature of adult 
root nodes described in Supplemental Fig. S2. Plants 
harvested for tissue were grown in growth chambers, 
greenhouse, or in the field (Table 1). For plants in growth 
chambers, seeds were surface sterilized for 5 min in a 1:1 
solution of deionized H20 and 6% NaClO followed by two 
washes with deionized H20 for 1 min. Three seeds were 
placed between two sheets of brown germination paper 
(Anchor Paper) with an even horizontal space among 
them and starting one inch from the top of the sheet. 
Approximately 75 of such sandwich blots were placed in 
a container, soaked vertically in a plastic reservoir (47.5 
[length] by 35 [width] by 25 cm [height]) filled with 5 L 
of nutrient solution consisting of NO3 (7000 mM), P (250 
mM), K (3000 mM), NH4 (1000 mM), Ca (2000 mM), SO4 
(500 mM), Mg (500 mM), Cl (25 mM), B (12.5 mM), Mn 
(1 mM), Zn (1 mM), Cu (0.25 mM), Mo (0.25 mM), and 
EDTA-Fe (25 mM). Seedlings were germinated and grown 
in a growth chamber in the Biotron, at the University 
of Wisconsin–Madison at 28 and 24°C (light vs. dark) 
under a 14:10 h (light/dark) regime with photosyntheti-
cally active radiation of 200 L mol photons m−2 s−1. The 
relative humidity was maintained at 65%. The nutrient 
solution pH was daily adjusted to 6.0 with 1 M KOH and 
1 M HCl. Plants were grown in the greenhouse or field as 
described earlier (Sekhon et al., 2011).

The number of plants per biological replicate varied 
depending on tissue type (Table 1). For embryonic 
and early postembryonic stages of root development, 
biological replicates were constituted of pooled samples 
from randomly chosen, healthy plants. The harvested 
tissues were immediately frozen in liquid nitrogen and 
stored at −80°C.



stelpflug et al.: rna-seq maize gene atlas 3 of 16

Table 1. Maize tissues of inbred B73 included in the RNA-seq gene expression atlas.

Organ  
group† Tissue description‡

Growth stage  
at collection§

Growth  
method¶ Tissue designation

No. of plants  
per bioreplicate

Root Primary root 3 DAS GPNS Primary_Root_3DAS 20
Differentiation zone of primary root 3 DAS GPNS Root_DZ_3DAS 20

Meristematic and elongation zones of primary root 3 DAS GPNS Root_MZ_and_EZ_3DAS 30
Root stele 3 DAS GPNS Root_Stele_3DAS 30

Root cortical parenchyma (CP) 3 DAS GPNS Root_CP_3DAS 30
Primary root (GH) 6 DAS GH Primary_Root_GH_6DAS 3

Root system 7 DAS GPNS Root_System_7DAS 3
Primary root 7 DAS GPNS Primary_Root_7DAS 3

Seminal roots 7DAS GPNS Seminal_Roots_7DAS 3
Primary root zone 1 7 DAS GPNS Primary_Root_Z1_7DAS 30
Primary root zone 2 7 DAS GPNS Primary_Root_Z2_7DAS 20
Primary root zone 3 7 DAS GPNS Primary_Root_Z3_7DAS 10
Primary root zone 4 7 DAS GPNS Primary_Root_Z4_7DAS 10

Crown roots nodes 1–3 V7 GH Crown_Roots_Nodes1–3_V7 2
Crown roots node 4 V7 GH Crown_Roots_Node4_V7 2
Crown roots node 5 V7 GH Crown_Roots_Node5_V7 2
Crown roots node 5 V13 GH Crown_Roots_Node5_V13 2
Brace roots node 6 V13 GH Brace_Roots_Node6_V13 2

Leaf Coleoptile 6 DAS GH Coleoptile_GH_6DAS
Pooled leaves V1 Field Pooled_Leaves_V1 2–3
Topmost leaf V3 Field Topmost_Leaf_V3 2–3

Shoot tip V5 Field Shoot_Tip_V5 2–3
Tip of stage 2 transition leaf V5 Field Tip_Stage2_Leaf_V5 2–3

Base of stage 2 transition leaf V5 Field Base_Stage2_Leaf_V5 2–3
Tip of stage 2 transition leaf V7 Field Tip_Stage2_Leaf_V7 2–3

Base of stage 2 transition leaf V7 Field Base_Stage2_Leaf_V7 2–3
Immature leaves V9 Field Immature_Leaves_V9 2–3

Eighth leaf V9 Field Eighth_Leaf_V9 2–3
Eleventh leaf V9 Field Eleventh_Leaf_V9 2–3

Thirteenth leaf V9 Field Thirteenth_Leaf_V9 2–3
Thirteenth leaf VT Field Thirteenth_Leaf_VT 2–3
Thirteenth leaf R2 Field Thrteenth_Leaf_R2 2–3

Aging leaf 0–30 DAP1
(six tissues)

Field Leaf_XDAP (X = number) 2–3

SAM and 
young stem

Stem and SAM V1 Field Stem_and_SAM_V1 2–3
Stem and SAM V3 Field Stem_and_SAM_V3 2–3

Internode First elongated internode V5 Field First_Internode_V5 2–3
Fourth elongated internode V9 Field Fourth_Internode_V9 2–3

Aging internode 0–30 DAP1
(six tissues)

Field Internode_XDAP
(X = number)

2–3

Reproductive Immature tassel V13 Field Immature_Tassel_V13 2–3
Meiotic tassel V18 Field Meiotic_Tassel_V18 2–3

Anthers R1 Field Anthers_R1 2–3
Immature cob V18 Field Immature_Cob_V18 2–3

Prepollination cob R1 Field Pre-pollination_Cob_R1 2–3
Silks R1 Field Silks_R1 2–3

Seed Whole seed 2–24 DAP2
(12 tissues)

Field Whole_Seed_XDAP
(X = number)

2–3

Endosperm 12–24 DAP
(7 tissues)

Field Endosperm_XDAP
(X = number)

2–3

Embryo 16–24 DAP (5 
tissues)

Field Embryo_XDAP
(X = number)

2–3

Pericarp 18 DAP Field Pericarp_18DAP 2–3
† SAM, shoot apical meristem.
‡ Tissue description in bold type indicates an updated RNA-seq sample of original microarray tissue (Sekhon et al., 2011); Tissue description in bold italic indicates original microarray tissue and RNA-seq sample 
previously published in PLoS One study (Sekhon et al., 2013); Tissue descriptions in italic (no bold) indicate RNA-seq sample previously published in Plant Physiology study (Sekhon et al., 2012).
§ DAS, days after sowing; Vn, vegetative stage corresponding to the number of emerged leaves; VT, vegetative tasseling (last branch of tassel fully emerged; DAP, days after pollination; R1, reproductive 1; R2, 
reproductive 2; DAP1, samples collected every 6 d; DAP2, samples collected every other day.
¶ GPNS, germination paper in nutrient solution; GH, greenhouse.
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Figure 1. Embryonic and postembryonic root tissues included in the expanded RNA-seq gene atlas. (a) Primary root 3 d after sowing 
(3DAS). DZ, root differentiation zone; MZ, root meristematic zone; EZ, root elongation zones. (b) Root cortical parenchyma and stele 
of the differentiation zone 3DAS. (c) Root system (inclusive of primary and seminal roots) 7 d after sowing (7DAS). (d) Primary root. Z1, 
Zone 1 (first cm of root tip); Z2, Zone 2 (from end of Z1 to the point of root hair or lateral root initiation); Z3, Zone 3 (lower half of dif-
ferentiation zone); Z4, Zone 4 (upper half of differentiation zone). (e) Whole postembryonic root system at developmental stage vegeta-
tive 7 (V7). (f) Dissection method of V7 root system. (g) Pooled tissue sampled for experiment: (I) crown roots Node 5, (II) crown roots 
Node 4, and (III) crown roots Nodes 1 through 3. (h) Whole postembryonic root system at V13. (i) Dissection of root system at develop-
mental stage V13. (j) Pooled tissue from brace roots Node 6 (aboveground) sampled for experiment. (k) Pooled tissue from crown roots 
Node 5 sampled for experiment. Nomenclature of root nodes is described in Supplemental Fig. S2.
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RNA Library Construction and I 
llumina Sequencing
RNA extraction, sample preparation, and sequencing 
were performed as described previously (Sekhon et al., 
2013). Each library was sequenced, often multiple times 
and pooled, to obtain an average of ~25.3 million 100- to 
101-nt single-end or paired-end raw reads (Supplemental 
Table S1). Sequence reads for each sample were mapped 
to v2 of the B73 reference genome assembly (http://ftp.
maizesequence.org/release-5b/assembly/) (Schnable 
et al., 2009) using the same methods as previously 
described (Sekhon et al., 2013).

Principal Component Analysis and Hierarchical 
and K-Means Clustering
To facilitate graphical interpretation of relatedness 
among the 79 diverse tissues included in the expanded 
maize gene atlas, we reduced the dimensional expression 
data to two dimensions by principal component analysis 
(PCA) using the prcomp function in R software with 
default settings (R Core Development Team, 2014). The 
transformed and normalized gene expression values with 
log2 (fragments per kilobase [kb] exon model per mil-
lion mapped fragments [FPKM] + 1) were used for the 
analysis of PCA, using only genes with an FPKM > 1 in 
at least one tissue. Hierarchical clustering of these same 
79 tissues was based on the Pearson’s correlations of the 
same transformed expression values. For the analysis of 
differentially expressed transcription factors, hierarchi-
cal clustering was performed by the hclust function in R 
software based on Euclidean distance with genes normal-
ized via log2 transformation (R Core Development Team, 
2014). K-means clusters were derived via log2 trans-
formed FPKM values of 9347 differentially expressed 
genes (fourfold cut-off) from all pairwise comparisons 
of longitudinal zones as input. Analysis was performed 
using the K-means clustering module embedded in the 
MeV program (http://www.tm4.org/mev.html) using six 
clusters and 50 iterations. Six major clusters were chosen 
because partitioning the dataset into additional clusters 
did not reveal enrichment of additional biological gene 
ontology (GO) terms.

Differential Expression and Gene Ontology 
Enrichment Analysis
For any comparison between tissues, genes were con-
sidered differentially expressed if they varied by a con-
servative fourfold change in expression or more. Plant 
Gene Set Enrichment Analysis (PlantGSEA) was used 
to examine the biological functions of genes exhibiting 
fourfold change in expression for two separate biological 
comparisons: (i) cortical parenchyma (CP) vs. stele, and 
(ii) for genes in common K-means coexpression clusters 
across four longitudinal zones of the primary root (Yi 
et al., 2013). This tool examines overrepresentations 
among GO terms describing gene product species in 
three independent categories: biological process, molec-
ular function, and cellular components (http://www.

geneontology.org). This tool can also examine enrich-
ments among specific gene families and other curated 
gene sets. To identify significantly overrepresented (false 
discovery rate < 5%) functional categories, a singular 
enrichment analysis via Fisher’s exact test was per-
formed using all genes in v2 of the maize B73 genome 
(n = 39,456) as the background gene set. Single enrich-
ment analysis compares each annotated protein class 
with all annotated expressed proteins in a tissue. For 
nonexpressed genes in the gene atlas, GO enrichment 
analysis was performed with AgriGO (Du et al., 2010) 
via Fisher’s exact test, using Yekutieli false discovery rate 
(Benjamini and Yekutieli, 2001) to correct for multiple 
testing with significance was determined as P < 0.05.

Comparative Genomics of Maize  
Candidate Genes
For the analysis of maize candidate transcription fac-
tor (TF) genes exhibiting enhanced spatiotemporal 
expression patterns within the maize root, we identified 
Arabidopsis orthologs using the Putative Orthologous 
Groups 2.0 (POGs) database (http://pogs.uoregon.edu/) 
(Tomcal et al., 2013). The POGs 2.0 relational database 
is designed to facilitate cross-species inferences about 
gene functions and gene models in plants by integrating 
data from rice, maize), A. thaliana, and poplar (Populus 
trichocarpa Torr. & A. Gray). The POGs 2.0 database 
places the complete predicted proteomes into POGs 
based on a mutual-best-hits strategy, with POG assign-
ments subsequently evaluated by phylogenetic analy-
sis (Walker et al., 2007). We selected the Arabidopsis 
ortholog with the highest percentage identity to the cor-
responding maize gene for our comparative genomics 
analysis of TF genes.

RESULTS AND DISCUSSION

Overview of Samples and Quality Assessment
We used RNA-seq to profile the transcriptome of 79 
tissues, including 61 aboveground and 18 root tissues, 
representing distinct stages of maize plant develop-
ment. These include 50 samples previously examined 
with microarrays (Sekhon et al., 2011) (Supplemental 
Fig. S1a,b), a time-course of 12 stalk and leaf samples 
spanning the flowering and grain-fill period described 
in an earlier study that used microarrays (Sekhon et al., 
2012; Supplemental Fig. S1c), and a newly profiled set of 
17 samples from the root system of seedling and adult 
plants (Fig. 1; Table 1). Most samples from previous stud-
ies were resequenced to enhance coverage and processed 
using the same analysis pipeline to generate the expres-
sion data in a uniform manner (Supplemental Table 
S1). For each sample, two or three biological replicates 
were examined and each biological replicate consisted 
of pooled tissue from 2 to 30 individual plants (Table 1; 
Supplemental Table S1). For each biological replicate, we 
generated an average of 25.3 million raw 100- to 101-nt 

http://ftp.maizesequence.org/release-5b/assembly/
http://ftp.maizesequence.org/release-5b/assembly/
http://www.tm4.org/mev.html
http://www.geneontology.org
http://www.geneontology.org
http://pogs.uoregon.edu/
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reads (Supplemental Table S1). Of these, across samples, 
57.8 to 91.1% of the reads could be mapped (unique and 
multiple) to the B73 reference genome (AGPv2; Table S1) 
and were used for calculation of expression values mea-
sured in FPKM values. Since multiple transcripts aris-
ing from potential alternative splicing events have been 
predicted for the majority of maize genes, FPKM values 
were computed for every individual gene (Supplemental 
Dataset S1, S2) and on a per-transcript basis (Supplemen-
tal Dataset S3, S4). The biological replicates were highly 
correlated with an average Pearson’s correlation coef-
ficient of 0.982 ± 0.038 with 96.25% (197) of the correla-
tions values (207 total) over 0.950 (Supplemental Table 
S2). Only two tissues (Endosperm_14DAP and Brace 
Root Node 6_V13) had more than one correlation value 
less than 0.950. For both of these tissues, it was biorepli-
cate two that contributed to the lower correlation values. 
Overall, these observations affirmed the reproducibility 
and quality of the biological replicates using RNA-seq.

Global Gene Expression Trends
To exclude genes with low confidence expression val-
ues, only those genes with an FPKM value >1 in at least 
one tissue were designated as expressed. Based on this 
criterion, 32,721 (82.9%) of the annotated genes were 
expressed in at least one tissue, indicating substantially 
higher representation of the transcriptome relative to 
the 56.5% of expressed genes captured in the previous 
array-based gene atlas (Sekhon et al., 2011). Diversity 
of transcriptional activity was highly variable across 
tissues, with the primary root 7 d after sowing (DAS) 
tissue expressing the largest number of genes (26,488; 
67.1% of all genes), and the endosperm 24 d after pol-
lination (DAP) tissue expressing the smallest number of 
genes (18,565; 47.3%) (Supplemental Fig. S3). Of the 6735 
genes not expressed in any tissue, 62.4% are annotated as 
hypothetical or unknown according to the B73 reference 
gene annotation (version 5b). While some of these anno-
tations may be artifacts, it is possible a subset of tran-
scripts were not captured in our 79 tissue atlas survey as 
a result of very low transcript levels not captured by the 
current sequencing depth or lack of expression in the 
tissues sampled. Indeed, in a comparison of transcript 
abundance between shallow and an ultra-deep RNA-seq 
datasets derived from B73 seedling tissue, genes encod-
ing TFs and regulators, often lowly transcribed, were 
not detected during shallow sampling (Martin et al., 
2014). Furthermore, GO enrichment analysis showed 
that, of the nonexpressed genes with functional annota-
tions (n = 1570), the three most overrepresented classes 
are response to external stimulus (GO: 0009605), gene 
expression (GO: 0010467), and transcription (GO: 
0006350) (Supplemental Table S3). As we did not delib-
erately sample tissues exposed to any abiotic or biotic 
stressed tissues, this observation suggests that expan-
sion of the atlas to include stressed tissues may provide 
a broader representation of the full B73 transcriptome. 
Regardless, the current 79-sample RNA-seq atlas 

provides a robust assessment of gene expression across a 
wide developmental series of maize that can be used for 
understanding key genes and genetic regulatory mecha-
nisms involved in development as highlighted below.

The biological identity of tissues was well reflected 
in their respective transcriptomes as revealed by 
hierarchical clustering of Pearson’s correlations and by 
PCA of all 79 tissues (Fig. 2; Supplemental Fig. S4). Most 
tissues clustered together based on their morphological, 
physiological, and developmental attributes and provided 
an interesting glimpse into the differentiation of plant 
organs. Additionally, less obvious degrees of biological 
relatedness were evident from clustering analysis. 
For instance, broad clustering of tissues containing 
meristems such as coleoptile, young stem and shoot 
apical meristems, base of leaf, developing inflorescences, 
and root tip tissues containing the meristematic zones 
(Brace Roots Node 6, Meristematic Zone [MZ] and 
Elongation Zone [EZ] Root 3DAS, and Primary Root 
Zone 1 7DAS), indicate shared transcriptional patterns 
resulting from meristem maintenance-related processes 
in these spatially distinct tissues. Similarly, both 
immature male (tassel) and female (cob) reproductive 
organs clustered fairly close together, consistent with 
their shared genetic underpinnings and morphological 
origins (Thompson and Hake, 2009; Vollbrecht and 
Schmidt, 2009; Brown et al., 2011; Eveland et al., 
2014) and a previous study of the maize reproductive 
transcriptome (Davidson et al., 2011). However, 
specialized floral organs, such as the silks and anthers, 
have quite diverged functions, as evident from their fairly 
unique clustering pattern.

Because the newly profiled root tissues represent 
a significant addition to our previously published 
gene atlas and are a relatively less understood organ, 
we examined the root transcriptome in greater depth 
for insights related to development. Relative to the 
aboveground organs, root tissues shared similar global 
transcriptional patterns as indicated by their compact 
clustering via PCA (Supplemental Fig. S4). Despite global 
similarities, subtle but important differences among 
root tissues were evident from PCA involving only the 
18 root tissues (Fig. 3). The first principle component 
(31.3% variance explained) separated samples primarily 
according to differentiation, with undifferentiated root 
meristems formed a distinct cluster compared with the 
differentiated tissues containing lateral roots and root 
hairs. This is clearly illustrated with the longitudinal 
dissection of the primary root into four zones, which 
all diverge related to the axis of PC1 according to their 
spatial designation along the primary root, with Zones 2 
and 3 (the transition zones) close in proximity, indicating 
key spatial differences across the longitudinal axis. The 
second principle component (15.6% variance explained) 
separated root samples according to developmental 
stage, with the early stages of embryonic root 
development (3, 6, and 7 DAS tissues) grouping toward 
the positive spectrum of PC1, increasing with age to the 
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Figure 2. Global gene expression patterns reflect biological relatedness among maize tissues. Heat map of hierarchical clustering 
results of Pearson’s correlations (R) for all 79 tissues included in the expanded atlas. Genes with a fragments per kb exon model per 
million mapped fragments (FPKM) > 1 in at least one tissue were log2, +1 transformed before analysis. The color scale indicates the 
degree of correlation. Samples were clustered based on their pairwise correlations.



8 of 16 the plant genome  march 2016  vol. 9, no. 1

postembryonic root tissues sampled at the seventh and 
13th vegetative stages (V7 and V13) as the coordinates 
of PC1 decrease. Strikingly, the root CP and stele—two 
adjoining tissues across the transversely sectioned root at 
the same developmental time point—are also divergently 
separated by PC2, indicating the extremely diverse 
functionality of these tissues. Overall, this analysis 
provides a glimpse into the distinct spatiotemporal 
biological functionality of the maize root.

Dynamic Reprogramming of the  
Maize Root Transcriptome
The maize root system has a unique, complex architecture 
that is responsible for the efficient uptake of water and 
nutrients, and also provides anchorage of the maize plant 
(Lynch, 1995; Aiken and Smucker, 1996). The root sys-
tem of maize can be classified into two different groups: 
roots formed during embryogenesis and roots formed 
during postembryonic development (Hochholdinger and 
Tuberosa, 2009). The embryonic root system consists of a 
primary root formed at the basal pole of the embryo and 
a variable number of seminal roots at the scutellar node. 
The postembryonic root system is composed of shoot-
born roots formed at consecutive shoot nodes and lateral 
roots stemming from the pericycle. Little is known about 
global transcriptional networks governing biological 
processes in embryonic and postembryonic root systems 
and temporal and spatial dynamics of such processes in 
maize. Clearly, such processes are under complex regula-
tory control, and elucidation of various components will 
be a crucial step toward improving root architecture. The 

tissues in the atlas were chosen to serve as a representative 
sample covering both the embryonic and postembryonic 
phases of maize root development (Fig. 1; Supplemen-
tal Fig. S4). A global look at the root transcriptome 
revealed that 70.6% (n = 27,873) of all annotated genes are 
expressed in at least one root tissue.

Since the morphology and functionality along 
the longitudinal axis of the maize primary root varies 
substantially (Ishikawa and Evans, 1995; Baluska et 
al., 1996; Hochholdinger et al., 2004), we profiled 
the dynamics of expression abundance along the 
proximal–distal gradient of the root. We divided the 
primary root into four zones: Zone 1, the meristematic 
zone, encompassing the first centimeter of the primary 
root, which harbors the root cap, root tip, quiescent 
center or stem cell niche, and the beginning of the 
elongation zone; Zone 2 includes the elongation zone 
and spans from the end of Zone 1 to the beginning of 
the differentiation zone; Zone 3 represents the lower, 
developmentally younger half of the differentiation zone 
characterized by the appearance of root hairs and lateral 
roots; and Zone 4 denotes the upper, developmentally 
older half of the differentiation zone (Fig. 1d).

Upon all possible pair-wise comparisons of the 
27,873 genes expressed across the four longitudinal 
zones of the primary root, we identified 9347 (34%) of 
genes that were fourfold differentially expressed in one 
or more comparisons. Genes that exhibited fourfold 
expression variation for any pair-wise comparison across 
individual root zones were grouped by developmental 
dynamics using the K-means clustering algorithm. We 

Figure 3. Principal component analysis (PCA) depicts relationships among maize root tissues. PCA was applied to all 18 maize root 
tissues included in the expanded atlas as described in Materials and Methods section. The percentage of variation among tissues 
explained by each principal component is displayed on both the x- (PC1) and y (PC2)-axes. Shape of points in the PCA plot denote 
major stages of development, with embryonic and postembryonic root tissues denoted with squares and triangles, respectively.
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identified six clusters (K1–K6; Supplemental Dataset 
S5) with four main clusters (K1–K4) accounting for 
~90% of the differentially expressed genes in the four 
root zones (Fig. 4a). We then used the gene lists from 
each K-means coexpression cluster for GO enrichment 
analysis, revealing that dynamic coexpression 
clusters represent distinct biological processes (Fig. 
4b; Supplemental Table S4). For example, genes that 
encode enzymes for translation, ribosomal function 
and assembly, protein metabolism, DNA synthesis 
and replication, transcriptional activation, cell cycle 
regulation, microtubule motor activity, nucleosome 
assembly, and plant-type cell-wall organization are 
highly enriched in Cluster K1, which represents genes 
that are expressed at the highest levels in the root tip 
(Zone 1). These biological processes are consistent 
with functions of rapidly dividing cells in this broad 
meristematic zone. Interestingly, several of these same 
biological functions are also overrepresented in the leaf 
base (relative to the leaf tip), which, like the root tip, is 
an actively dividing, relatively undifferentiated tissue 
compared with the leaf tip (Li et al., 2010). Genes that 

show peak expression in the transitioning zones of the 
root (Zones 2 and 3) are represented by Clusters K5 and 
K6, which included those required for carbohydrate and 
lipid metabolic processes, response to oxidative stress, 
peroxidases, lignin catabolism, cell wall organization, 
and SRS transcription factors, a gene family shown to 
be involved with auxin-mediated lateral root primordia 
initiation in maize (Zhang et al., 2015). This is consistent 
with processes related to cell wall deposition and 
reorganization during root elongation and differentiation 
and initiation of structures such as root hairs and 
lateral roots to enhance nutrient uptake. Additionally, 
glutathione peroxidases, which are involved in reactive 
oxygen species (ROS)-related processes, have been shown 
to regulate root system architecture in Arabidopsis 
(Passaia et al., 2014). Finally, Clusters K2, K3, and K4 
exhibit peak gene expression in Zone 4, representing 
the most differentiated zone of the root. This zone 
features predominant expression of genes that encode 
nutrient reservoir activity, transport, kinases, protein 
phosphorylation, regulation of transcription and TF 
activity (including enrichment for TIFY, MYB, NAC, and 

Figure 4. Spatiotemporal enrichment of biological processes within the maize root. (a) K-means coexpression clusters (K1–K6) of genes 
that vary by fourfold change across the longitudinal axis (Zones 1–4) of the maize primary root. Number of enriched gene ontology 
(GO) terms per cluster is shown in red and n denotes number of genes per cluster. Enriched GO terms of differentially expressed genes 
of (b) six K-means coexpression clusters, which vary across longitudinal zones (Zones 1–4) and (c) a pairwise comparison between radi-
ally separated cortical parenchyma (CP) and stele tissue. Numbers in the boxes represent the number of differentially expressed genes 
(fourfold) with highest gene expression corresponding to that zone. The lists of all significant GO term enrichments for the K-means clus-
ters across longitudinal root zones and for the CP vs. stele comparison are included in Supplemental Table S4 and S5, respectively.
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WRKY families), monooxygenase activity, glutathione 
transferases, redox regulation, electron carrier activity, 
lipid metabolism, and biosynthesis of flavonoids. 
A significant enrichment of kinases and TFs at the 
initiation of the differentiation zone was also observed 
in Arabidopsis roots (Birnbaum et al., 2003), suggesting 
that extensive employment of signaling networks and 
transcriptional activity during cell maturation in these 
root zones is prevalent in plants. Redox regulation and 
ROS have been shown to be crucial for many forms of 
root functionality related to gravitropism, root hair 
initiation and elongation, lateral root development, 
stress response, and hormone regulation (Joo et al., 
2001; Foreman et al., 2003; Carol and Dolan, 2006; 
Baxter et al., 2014; Manzano et al., 2014; Nestler et al., 
2014). Together, these results reveal major biochemical 
shifts along the proximal–distal root gradient that are 
produced in part by highly dynamic, coordinated, and 
localized transitions in mRNA abundance.

Exploring the Cortical Parenchyma  
and Stele Transcriptomes
Intrigued by striking differences between the CP and 
stele transcriptome observed in the PCA, we focused on 
the dynamic expression of genes to elucidate the distinct 
biological processes between these two radially separated 
tissues. The CP is comprised of the endodermis, multiple 
layers of cortical tissue, and a single layer of epidermal 
tissue, and biologically, it is involved in the uptake and 
transport of nutrients (Saleem et al., 2010). Lying beneath 
the endodermal layer of the CP and surrounding the 
innermost pith parenchyma cells, the cylindrical-shaped 
stele encompasses the vascular system, which includes 
xylem for transporting water and nutrients and phloem 
for transporting photoassimilates (Hochholdinger and 
Tuberosa, 2009). While these tissues clearly play a key 
role in basic root function, transcriptional and bio-
chemical underpinnings of their functionality are poorly 
understood (Saleem et al., 2010).

Of the 26,107 genes expressed in either the CP or 
stele, 88% were common, suggesting similar global 
transcriptomes. However, 4728 (18%) genes showed at 
least fourfold differential expression between the two 
tissues, which likely underlie the unique functionality 
between these tissues. The CP was transcriptionally and 
metabolically more active, with 3068 genes showing 
higher expression than 1658 genes up-regulated in 
the stele. This was also evident from GO enrichment 
analysis of differentially expressed genes between the 
CP and stele (Fig. 4c; Supplemental Table S5). The CP 
was enriched for 61 processes including heme binding, 
redox, monooxygenases, peroxidases, electron carriers, 
protein kinase activity, transporters, hydrolase activity, 
regulation of transcription and TF activity (particularly 
WRKY TFs), cell-wall organization, carbohydrate 
metabolic processes, nutrient reservoir activity, sexual 
reproduction, cytokinin-O-glucoside biosynthesis, 
flavonoid biosynthesis, and ethylene biosynthesis. 

Enrichment of several of these metabolic processes 
in the CP (particularly flavonoid biosynthesis and 
cell-wall modification) is also readily apparent from 
MapMan (Thimm et al., 2004; Usadel et al., 2009) 
analysis (Supplemental Fig. S5). Consistent with the 
enrichment of transporters and nutrient reservoir 
activity in the CP, the endodermis of the CP evolved as 
a key cell layer responsible for preventing the apoplastic 
passage of ions from the cortex to the stele as the 
suberized casparian strip facilitates selective transport 
of ions, nutrients, and water to the inner root cells. 
Enrichment of cytokinin-O-glucoside biosynthesis in 
the CP relative to the stele is consistent with preferential 
accumulation of cytokinin cis-zeatin, and its precursors 
and conjugates observed during hormone profiling of 
this tissue (Saleem et al., 2010). Cytokinins modulate 
root organogenesis by modulating polar auxin transport 
and inhibiting lateral root initiation in the differentiation 
zone (Esau, 1965; Laplaze et al., 2007). The enrichment 
of flavonoid biosynthesis genes in the CP is supported 
by metabolomic and gene expression analyses in 
Arabidopsis (Brady et al., 2007; Moussaieff et al., 2013); 
interestingly, flavonoids have been shown to exhibit 
antimicrobial properties imparting the plant to resist 
pathogens (Dixon et al., 2002; Dixon and Pasinetti, 
2010). Prevalence of redox processes, monooxygenases, 
and peroxidases in the CP is consistent with their role 
in ROS signaling, which mediates the plants response 
to hypoxia and modulating aerenchyma and lateral 
root formation (Bouranis et al., 2006; Steffens et al., 
2013). Enrichment of the GO term sexual reproduction 
is due to the overrepresentation of several extensin and 
expansin genes, consistent with the role of these enzymes 
in cell wall loosening required for root hair initiation 
and elongation from epidermal cells (Lin et al., 2011; 
ZhiMing et al., 2011). This term may also be enriched 
because of the common transcriptional network shared 
between root hair and pollen tube apical tip growth 
as has been shown in Arabidopsis (Becker et al., 2014). 
Similarly, the enrichment of ethylene biosynthesis is in 
agreement with its role in regulation of root elongation 
and enhancement of root hair growth (Tanimoto et al., 
1995; Pitts et al., 1998; Le et al., 2001).

Enrichment of comparatively fewer biological 
processes in the stele (six GO terms) indicates this tissue 
is potentially more specialized relative to the CP. These 
processes included regulation of transcription, lignin 
catabolism, laccase activity, C2C2-Dof TF expression, 
and sucrose metabolism. Lignin catabolism and 
laccases activity are processes associated with vascular 
differentiation (Zhao et al., 2013; Schuetz et al., 2014). 
These terms are also overrepresented in the stele of the 
MapMan analysis of differentially expressed genes, 
depicted under the phenolics squares of secondary 
metabolism (Supplemental Fig. S5). Moreover, sucrose 
is a primary carbohydrate transported by phloem, and 
metabolism of sucrose into monosaccharides in the 
stele is essential for respiration (Izmailov et al., 1982). 
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Overall, GO enrichment analysis showed very disparate 
patterns of gene expression delineating the CP and stele 
tissues, which is consistent with distinct and coordinated 
biological functions performed by both tissues.

Comparing Biological Trends between  
the Root Transcriptome and Proteome
A recent study produced a high-resolution, maize-tissue-
specific root proteome and phosphoproteome atlas along 
both the longitudinal and radial axes (Marcon et al., 
2015). This study dissected maize primary roots of 2 to 4 
cm in length, roughly equivalent to the physiological age 
of our Primary Root, CP, and stele 3DAS tissues, both 
longitudinally (meristematic zone, elongation zone, and 

differentiation zone) and radially (divided differentiation 
zone into cortical parenchyma and stele). Gene ontology 
enrichment analysis of tissue-specific proteins identi-
fied two gradients reflecting abundance of functional 
protein classes along the longitudinal axis: GO terms 
related to RNA, DNA, and protein peaked in the meri-
stematic zone, while the classes related to cell wall, lipid 
metabolism, stress, transport, and secondary metabolism 
accumulated in the differentiation zone (Marcon et al., 
2015). Similar to proteomic gradients along the longitu-
dinal axis, the same pattern could be found in our lon-
gitudinal root (Z1–Z4) K-means coexpression clusters, 
even though we used a slightly more mature root system 
(Fig. 4a, 5b). Additionally, Marcon et al. conducted GO 

Figure 5. Dynamic inventories of transcription factors (TFs) orchestrate root development. (a) Heat map of hierarchical clustering of 762 
differentially expressed (fourfold) TFs across all pair-wise comparisons of the longitudinal gradient of root. Heat map was clustered 
based on Euclidean distance, normalized with log2 transformation. The TFs were only included if they had an fragments per kb exon 
model per million mapped fragments (FPKM) > 1 in at least one tissue. (b) Distribution of differentially expressed TF families across all 
pair-wise comparisons of longitudinal zones of the primary root 7 d after sowing (DAS). (c) Distribution of differentially expressed TF 
families between the CP and stele, representing the transverse gradient of the primary root (3DAS). Numbers of genes exhibiting the 
highest values of gene expression for each TF family within a tissue are depicted.
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single-enrichment analysis on CP (n = 384) and stele (n 
= 305) specific, nonphosphorylated proteins via AgriGO 
(Du et al., 2010) and identified nine and 18 significantly 
enriched GO terms, respectively. Using the same enrich-
ment tool on fourfold upregulated genes in the CP vs. 
stele from our transcriptome dataset, we identified 9 
out of 9 and 14 out of 18 of the identical, significantly 
enriched GO terms from the CP and stele proteomic 
analysis (85.2% agreement in total), indicating that 
major biological trends between protein and transcript 
accumulation are concordant (Supplemental Table S6). 
Although we could not accurately compare our quantita-
tive RNA-seq data to the proteomics data of Marcon et 
al. in light of differences in growth methods, sequencing 
technologies, read depth, bioinformatics methods, etc., 
Marcon et al. previously compared protein levels with 
RNA-seq data from their own laboratory on the same 
tissues (Paschold et al., 2014) and found moderately 
positive Pearson’s correlations between mRNA and pro-
tein (r = 0.38 for both CP and stele tissues). A previous 
study examining mRNA–protein correlations in maize 

endosperm and embryo reported a similar relationship 
(r = 0.41), which they attributed to posttranscriptional 
regulation of protein abundance, translational inhibi-
tion or targeted protein degradation (Walley et al., 2013). 
Together, these observations highlight the importance of 
a comprehensive systems approach involving all compo-
nents of the central dogma (genome, transcriptome, pro-
teome, metabolome, and phenome) to better understand 
the biology of an organism.

Changing Inventories of Transcription Factors 
Orchestrate Root Development
The dynamics of TF expression during cellular dif-
ferentiation along the root axis were particularly well 
resolved in our RNA-seq data. Of the 2630 TFs belonging 
to 47 families described at GRASSIUS (http://grassius.
org) and elsewhere (Yilmaz et al., 2009), 1736 (74%) were 
detected in primary root tissue, with 762 (29%) exhibit-
ing fourfold differential expression along the longitudi-
nal developmental gradient (Fig. 6a). Most of these genes 
(68%) were expressed at the highest levels in the most 

Figure 6. Enhanced tissue-specific resolution provided by the gene atlas facilitates evaluation of candidate gene functionality using a 
cross-species genomics approach. Similar spatiotemporal gene expression patterns are shared between the Arabidopsis gene ROOT 
HAIR DEFECTIVE 6 (RHD6) (a), which modulates root hair initiation and elongation, and its maize ortholog, ZmbHLH19, pictured in 
(b). Arabidopsis root spatiotemporal cell-type specific microarray expression data shown in (a) was published previously (Brady et al., 
2007) and visualized pictorially with the Arabidopsis eFP browser (Winter et al., 2007).

http://grassius.org
http://grassius.org
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developed and differentiated portion of the root (Zone 
4), whereas only 20% were expressed at the highest levels 
in the root tip (Zone 1). An additional 9% of TFs showed 
peak expression in the elongation zone (Zone 2) and 6% 
peaked in Zone 3, the younger half of the differentiation 
zone. Interestingly, this pattern of peak expression of TFs 
in the most differentiated and functional root zone is the 
opposite pattern relative to a gradient of leaf develop-
ment from base to tip, where TF expression peaked in 
the undifferentiated base of the leaf relative to the less 
differentiated leaf tip (Li et al., 2010). Hierarchical clus-
tering analysis indicated that TF accumulation was most 
similar between the transition zones of Z2 and Z3, and, 
as expected, most divergent between Z1 and Z4 (Fig. 5a). 
Further examination of TF families showed that specific 
families were predominant in different longitudinal root 
zones (Fig. 5b). The TIFY, NAC, MYB, and WRKY fami-
lies of transcriptional regulators were highly expressed in 
the upper differentiation zone (Zone 4), likely orchestrat-
ing diverse functions related to stress responses, plant 
defense, nutrient uptake, and lateral root and root hair 
formation. Additionally, the TIFY, MYB-related, and 
EIL families were restricted to the upper differentiation 
zone. The TIFY family (previously known as ZIM) regu-
lates root elongation by controlling jasmonate signaling 
(Cheng et al., 2011), while the EIL family is involved in 
ethylene signaling, which enhances lateral root and root 
hair formation (Pitts et al., 1998; Potuschak et al., 2003; 
Binder et al., 2007)

We also detected TFs that were differentially 
expressed between the CP and stele and identified 232 
enriched in CP and 146 in stele. The TIFY, WRKY, and 
AP2-EREBP, and GRAS TFs were enriched in the CP 
while ARF, C2C2-Dof, MADS, and G2-like TFs were 
enriched in stele (Fig. 5c). The enrichment of GRAS 
TFs in the CP is interesting, as the master GRAS TF, 
SCARECROW, which exhibits localized gene expression 
in the endodermis and cortex of the CP, regulates 
an asymmetric cell division essential for generating 
the radial organization of the Arabidopsis root (Di 
Laurenzio et al., 1996; Wysocka-Diller et al., 2000). 
The C2C2-Dof and G2-like TFs have also been shown 
to be overrepresented in phloem cells in Arabidopsis 
(Mustroph et al., 2009), suggesting a similar role related 
to the functionality of this conductive vascular tissue.

The ability to examine gene expression in both 
longitudinal and radial gradients of the root permitted 
us to more effectively probe several tissue-specific TFs, 
which are supported by previously published evidence, 
thus implicating them as interesting candidates 
warranting further exploration. To highlight the utility 
of the dataset, we compared expression profiles of a few 
interesting TFs previously identified and characterized in 
the Arabidopsis root (Brady et al., 2007) and visualized 
expression of these TFs with the Arabidopsis eFP browser 
(Winter et al., 2007). We compared spatiotemporal 
gene expression of these Arabidopsis TFs with gene 
expression of their corresponding maize orthologs 

within our dataset and observed similar spatiotemporal 
gene expression patterns. For instance, maize gene 
ZmbHLH19 (GRMZM2G066057) is an ortholog of the 
Arabidopsis gene ROOT HAIR DEFECTIVE 6 (RHD6), 
which modulates root hair initiation and elongation 
through auxin and ethylene mediated processes. In 
Arabidopsis, RHD6 accumulates in trichoblasts (future 
hair cells) of the meristem, in the elongation zone just 
before hair outgrowth, and during hair growth itself and 
ceases expression concurrent with hair growth (Yi et 
al., 2010) (Fig. 6a). Interestingly, in maize, ZmbHLH19 
exhibited a similar expression radially localized to the 
CP, which harbors the epidermis and longitudinally 
peaks in Zone 3 of the primary root (Fig. 6b), thus 
implicating gene expression to a region of root hair 
initiation and elongation.

Likewise, a stele-specific TF (relative to the CP) 
encoding maize gene ZmGLK53 (GRMZM2G052544) 
and its Arabidopsis ortholog ALTERED PHLOEM 
DEVELOPMENT (APL), which governs phloem poles 
and sieve element differentiation while simultaneously 
inhibiting xylem development (Bonke et al., 2003), 
showed similar expression patterns. Expression of 
APL is limited to protophloem, metaphloem, and 
to a lesser extent in phloem companion cells, and 
increases with aging of the longitudinal gradient of the 
root (Brady et al., 2007). ZmGLK53 exhibits a similar 
expression pattern, being completely localized to the 
stele radially with its expression steadily increasing 
along the longitudinal axis from Zone 1 through Zone 4 
(Supplemental Fig. S6a,b).

Finally, Arabidopsis LBD16, which regulates lateral 
root development, is specifically expressed in the root 
stele and lateral root primordia, which initiate from the 
pericycle cell layer contained within the stele (Okushima 
et al., 2007). The maize ortholog of LBD16, encoded by 
ZmLBD24 (GRMZM2G075499), also exhibits both radial 
and longitudinal expression biases within the maize root. 
Radially, ZmLBD24 is also highly expressed in the stele 
relative to the CP (17-fold higher), and longitudinally 
across four root zones this TF exhibits drastically higher 
expression in Zone 2, which harbors the elongation 
zone and ends immediately before the point of lateral 
root initiation (Supplemental Fig. S6c,d), thus likely 
regulating lateral root initiation in maize. Taken 
together, the enhanced resolution of tissues in the RNA-
seq dataset provided in our current study will facilitate 
evaluation of gene functionality using a cross-species 
genomics approach to evaluate candidate genes in maize.

Availability of the Maize Transcriptome
To facilitate gene discovery and functional genomics of 
maize and related grasses, this comprehensive RNA-
seq-based transcriptome is available to the community 
at Maize Genetics and Genomics Database (MaizeGDB; 
www.maizeGDB.org) (Lawrence et al., 2004) for easy visu-
alization. Matrices of FPKM values at both the individual 
gene model (Supplemental Dataset S1, S2) and transcript 
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level (Supplemental Dataset S3, S4), along with physical 
location, are provided as supplemental datasets. The raw 
sequence reads have been deposited in the National Center 
for Biotechnology Information Sequence Read Archive 
(accession numbers PRJNA171684 and SRP010680).

CONCLUSIONS
In this study, we have performed transcriptional analysis 
of 79 representative maize tissues, capturing important 
aspects of maize development using RNA-seq. We have 
demonstrated that the dataset is of high quality and that 
the results of biological replicates are highly reproducible. 
This dataset provides enhanced spatiotemporal coverage of 
the transcriptome as a result of the substantial number of 
tissues included, creating the most extensive coordinated 
maize transcriptome dataset to date. We highlighted the 
utility of this new RNA-seq dataset to understand the bio-
logical specification of two radially separated and diverse 
root tissues, the CP and stele, and to provide insights into 
seedling root development. In conclusion, this comprehen-
sive RNA-seq dataset that we have generated is expected to 
be a powerful tool in understanding maize development, 
physiology, and phenotypic diversity.
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