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A high-resolution proteome and phosphoproteome atlas of four maize (Zea mays) primary root tissues, the cortex, stele,
meristematic zone, and elongation zone, was generated. High-performance liquid chromatography coupled with tandem
mass spectrometry identified 11,552 distinct nonmodified and 2,852 phosphorylated proteins across the four root tissues.
Two gradients reflecting the abundance of functional protein classes along the longitudinal root axis were observed. While
the classes RNA, DNA, and protein peaked in the meristematic zone, cell wall, lipid metabolism, stress, transport, and secondary
metabolism culminated in the differentiation zone. Functional specialization of tissues is underscored by six of 10 cortex-specific
proteins involved in flavonoid biosynthesis. Comparison of this data set with high-resolution seed and leaf proteome studies
revealed 13% (1,504/11,552) root-specific proteins. While only 23% of the 1,504 root-specific proteins accumulated in all four root
tissues, 61% of all 11,552 identified proteins accumulated in all four root tissues. This suggests a much higher degree of tissue-specific
functionalization of root-specific proteins. In summary, these data illustrate the remarkable plasticity of the proteomic landscape of

maize primary roots and thus provide a starting point for gaining a better understanding of their tissue-specific functions.

The maize (Zea mays) root system consists of em-
bryonic primary and seminal roots and postembryonic
lateral and shoot-borne roots (Hochholdinger, 2009).
The primary root is the first organ that emerges after
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germination, providing water and nutrients for the
growing seedling. The longitudinal structure of maize
roots is characterized by a root cap at the terminal end,
a subterminal meristematic zone, followed by zones in
which newly formed cells elongate and differentiate
(Ishikawa and Evans, 1995). The differentiation zone,
in which functionally distinct cell types are formed,
can be tracked by the presence of epidermal root hairs.
Hence, roots represent a gradient of cell differentiation
along the longitudinal axis: young and undifferenti-
ated cells are located at the distal end near the root tip,
whereas differentiated cells are located toward the
proximal end of the root (Ishikawa and Evans, 1995).

Radially, maize roots can be divided into the stele
and the surrounding cortical parenchyma. The stele
comprises vascular and ground tissue, which is en-
closed by the single-layered pericycle as the outermost
boundary. The multilayered cortical parenchyma
comprises, from the center to the periphery, a single
ring of endodermis cells, a multilayered cortical pa-
renchyma, and single files of exodermis and epidermis
cells connecting the root to the rhizosphere (Hochhol-
dinger, 2009). The epidermis of the differentiation zone
is densely populated by tubular root hairs, which are
instrumental for the uptake of nutrients that are either
transported into the shoot or metabolized in the cor-
tical parenchyma (Marschner, 2011).
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In recent years, soluble proteomes of whole maize
roots were analyzed with respect to development
(Hochholdinger et al., 2005), genotypic variation
(Hochholdinger et al., 2004; Wen et al., 2005; Liu et al.,
2006; Sauer et al., 2006; Hoecker et al., 2008), and en-
vironmental interactions (Chang et al., 2000; Li et al,,
2007).

A major limitation of analyzing whole roots is their
composite nature, being made up of distinct tissues.
Each tissue provides unique protein accumulation pat-
terns that have the potential to be masked when whole
roots are analyzed. This constraint can be overcome by
tissue-specific analyses. Thus far, only a few surveys
have analyzed distinct tissues such as the primary root
tip (Chang et al., 2000), the elongation zone (Zhu et al.,
2006, 2007), and cortical parenchyma and stele (Saleem
et al., 2010). The mechanical separation of maize root
cortical parenchyma (hereafter referred to as cortex) and
stele made the most abundant soluble proteins of these
tissues accessible (Saleem et al., 2010). Combining two-
dimensional gel electrophoresis and electrospray tan-
dem mass spectrometry (MS/MS) identified 59 proteins
preferentially expressed in the cortex and 11 proteins
predominantly accumulated in the stele (Saleem et al.,
2010). Among these proteins, a 8-glucosidase functioning
in the release of free bioactive cytokinin (Brzobohaty
et al., 1993) was preferentially accumulated in the cortical
parenchyma (Saleem et al., 2010). That study gave first
insights into tissue-specific protein accumulation in the
differentiation zone of maize roots. All these initial studies
were based on the combination of two-dimensional SDS-
PAGE with subsequent mass spectrometric analyses of
selected proteins and thus were of limited resolution and
depth.

More recently, gel-free shotgun proteomics further
enhanced the depth of proteomic profiles by quanti-
tative liquid chromatography-MS/MS analyses (Zhu
et al., 2010). This technique allowed for the identifica-
tion of more than 12,000 proteins in a maize leaf devel-
opmental time-course experiment (Facette et al.,, 2013)
and a similar number of proteins isolated from devel-
oping maize seeds (Walley et al., 2013). These studies
provided novel insights into protein accumulation pat-
terns in these maize organs during development, which
are instrumental for the better understanding of these
biological systems.

In this study, we used gel- and label-free high-
performance liquid chromatography (HPLC)-MS/MS
to quantify the abundance of 11,552 nonmodified
proteins and 2,852 phosphoproteins in four distinct
tissues of the maize primary root. Proteins unique to
certain root tissues or differentially accumulated be-
tween root tissues were functionally annotated and
analyzed in detail. Moreover, the maize root proteome
was compared with maize leaf and seed proteomes of
similar size to identify conserved and organ-specific
protein accumulation patterns. Furthermore, tissue-
specific accumulation patterns of proteins encoded
by classical maize genes were surveyed to reveal
tissue-specific functions. Finally, proteome and RNA
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sequencing (RNA-Seq) data of primary root tissues
were compared to determine the correlation of these
classes of biomolecules.

RESULTS

Tissue-Specific Accumulation of 11,552 Nonmodified
Proteins and 2,852 Phosphoproteins from Four Maize
Primary Root Tissues

Maize primary roots of 2 to 4 cm in length were
separated into four distinct tissues along the longitu-
dinal axis of the primary root. These tissues were the
meristematic zone, including the root cap; the elon-
gation zone; and the differentiation zone, which was
subdivided radially into the cortical parenchyma, in-
cluding all cell types between the endodermis and
epidermis, and the stele, comprising all cell types
enclosed by the pericycle (Fig. 1A). The elongation
zone was distinguished from the differentiation zone
by root hairs present only in epidermis cells of the
differentiation zone.

Proteins were extracted in four biological replicates
per tissue and digested by trypsin. The resulting
peptides were either directly analyzed by HPLC-MS/
MS or first enriched for phosphopeptides. More than
8 million identified mass spectra were used to quantify
protein (Supplemental Data Set S1) and phosphopro-
tein (Supplemental Data Set 52) abundance by spectral
counting. The resulting spectra were identified using
the protein database ZmB73 RefGen_v2 5a working
gene set, downloaded from www.gramene.org. In to-
tal, 11,552 unique nonmodified proteins (protein
groups) were identified from 73,938 distinct peptides
(Supplemental Data Sets S1 and S3; see “Materials and
Methods”). Approximately 96% of the identified pro-
teins (11,042/11,552) mapped to the filtered gene set, a
subset of the working gene set that consists of 39,656
high-confidence gene models. The remaining 510
proteins (4%) mapped exclusively to the working gene
set and were annotated as pseudogenes, transposons,
or other low-confidence gene models (Supplemental
Data Sets S1 and S3).

Phosphorylated proteins were identified after
phosphopeptide enrichment using cerium oxide and
subsequent HPLC-MS/MS analyses. In total, 11,226
phosphorylated amino acids in 9,480 distinct peptides
were detected, matching to a parsimonious set of 2,852
phosphorylated proteins (Supplemental Data Set S2).
For 7,292 residues assigned to 6,080 phosphopeptides,
the phosphorylated amino acid was localized (Sup-
plemental Data Set S4). Specific Ser (84%; 6,150), Thr
(15%; 1,070), and Tyr (1%; 72) phosphorylations were
assigned using the variable modification localization
(VML) score in the Spectrum Mill software version
3.03 (Agilent Technologies).

Pearson correlation coefficients of protein abun-
dance were calculated between the distinct tissues by
using averaged normalized spectral counts (SPCs) of
each tissue. Correlation coefficients for the four tissues
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Figure 1. Tissues of young maize primary roots surveyed in this study
and tissue-specific protein accumulation patterns. A, Maize primary root
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were on average 0.94 for the nonmodified and 0.76 for
the phosphorylated proteins (Table I). The abundance
of nonmodified and phosphorylated proteins showed
higher correlation between adjacent tissues (e.g. meriste-
matic zone versus elongation zone; 0.96 for nonmodified
proteome and 0.76 for phosphorylated proteome) than
between distant root tissues (e.g. meristematic zone ver-
sus cortex; 0.84 for nonmodified proteome and 0.42 for
phosphorylated proteome).

A comparison of biological replicate correlations
using averaged normalized SPCs of the four biological
replicates was conducted to assess reproducibility. On
average, Pearson correlation coefficients of 0.94 and
0.65 were determined between the replicates of the
nonmodified proteomes and the phosphorylated pro-
teomes (Table I).

Analysis of the 11,552 nonmodified proteins revealed
that 61% (7,012/11,552) of these proteins were expressed
in all four tissues (Fig. 1B). The remaining 39% (4,540/
11,552) of proteins were either accumulated in two or
three tissues (28%; 3,208/11,552) or only in one tissue
(11%; 1,332/11,552). Among the 1,332 proteins accumu-
lated in a single tissue, 36% (481/1,332) were identified
exclusively in the meristematic zone, 12% (162/1,332) in
the elongation zone, 29% (384/1,332) in the cortex, and
23% (305/1,332) in the stele. In contrast, among 2,852
phosphorylated proteins, only 30% (844/2,852) were
present in all four tissues, whereas 39% (1,118/2,852)
were accumulated in two or three tissues and 31%
(890/2,852) showed tissue-specific expression (Fig. 1B).

Functional Analysis of Tissue-Specific Nonmodified and
Phosphorylated Proteins

Tissue-specific proteins of the nonmodified and phos-
phorylated data sets were functionally analyzed using
agriGO (http:/ /bioinfo.cau.edu.cn/agriGO/ analysis.php).
agriGO is based on Gene Ontology (GO) terms describing
gene product species in three independent categories:
biological process, molecular function, and cellular com-
ponent (http:/ /www.geneontology.org). To identify signif-
icantly overrepresented (false discovery rate [FDR] < 5%)
functional categories, a singular enrichment analysis (SEA)
was performed. SEA compares each annotated protein
class with all annotated expressed proteins in a tissue.
Among 11,552 nonmodified proteins across all tissues,
8,017 (69%) were annotated by GO terms. Moreover, GO
terms were available for 1,902 of 2,852 (67%) phosphory-
lated proteins identified in the different tissues. Overall,
enrichment for 65 terms related to biological processes and
53 terms related to molecular functions were observed,

manually dissected into four tissues (left) and color-coded schematic of
the four tissues (right): meristematic zone (MZ), elongation zone (EZ),
cortex (C; covering all radial tissues between the endodermis and epi-
dermis), and stele (S; covering all central cell types covered by the
pericycle). B and C, Tissue-specific accumulation of nonmodified (B)
and phosphorylated (C) proteins in the four maize primary root tissues.
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Table I. Pearson correlation coefficients between meristematic zone
(MZ), elongation zone (EZ), cortex (C), and stele (S) and between the
four replicates of each tissue (in boldface) of the nonmodified (first
number in each column) and phosphorylated (second number in each
column) protein data sets based on averaged normalized SPCs

Tissue Mz EZ C S

MZ 0.97/0.71

EZ 0.96/0.76 0.96/0.66

C 0.84/0.42 0.91/0.61 0.90/0.66

S 0.85/0.43 0.89/0.65 0.91/0.71 0.95/0.60

whereas only two terms reflecting cellular components
were identified (Supplemental Table S1).

Among the 481 nonmodified proteins specific for the
meristematic zone (Fig. 1B), 279 were annotated, and 35
GO terms displayed overrepresentation (Supplemental
Table S1). The majority of these proteins are involved in
biological processes, particularly in the regulation of
cellular and metabolic processes. Among the 292 meri-
stematic zone-specific phosphorylated proteins, 172
were annotated by agriGO, and only four GO terms,
GO:0006139, GO:0006259, GO:0003677, and GO:0003676,
which are involved in DNA binding and DNA metabolic
processes, were overrepresented. These four terms were
also overrepresented among the nonmodified meriste-
matic zone-specific proteins.

Only 162 nonmodified proteins (101 annotated) and
110 phosphorylated proteins (73 annotated) displayed
elongation zone-specific accumulation. SEA revealed
no overrepresented GO term.

Among 384 nonmodified cortex-specific proteins
(274 annotated), nine overrepresented GO terms were
identified. Eight of the nine GO terms belonged to the
category molecular function, predominantly reflecting
proteins with catalytic activity (e.g. GO:0016747 and
GO0:0016491) or binding function (e.g. GO:0046906 and
GO:0020037; Supplemental Table S1). No GO term
showed overrepresentation among the 248 phosphor-
ylated cortex-specific proteins (171 annotated).

In total, 18 GO terms were overrepresented among
the 305 stele-specific nonmodified proteins (187 anno-
tated). Four of these GO terms were predominantly
involved in lignin metabolism (Supplemental Table S1),
while two GO terms were assigned to the category
cellular component (GO: 0048046 and GO:0005576).
Almost 50% (59/120) of all overrepresented GO terms
were detected among the 241 phosphorylated stele-
specific proteins (101 annotated). These proteins show,
among others, transferase and transporter activities.
The GO term GO:0009055, referring to proteins with
electron carrier activity, was overrepresented among
nonmodified proteins of the cortex and stele. This in-
dicates that there are at least some conserved functions
in these two primary root tissues.

In summary, only one of the 120 overrepresented GO
terms was detected in two different tissues, whereas 119
GO terms showed tissue-specific overrepresentation,
indicating highly regulated tissue-specific functions of
some proteins.
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Differential Expression of Protein Accumulation between
the Four Primary Root Tissues

Differentially accumulated nonmodified and phos-
phorylated proteins were identified based on the six
possible pairwise combinations between the four tis-
sues: (1) elongation zone versus meristematic zone, (2)
cortex versus meristematic zone, (3) stele versus mer-
istematic zone, (4) cortex versus elongation zone, (5)
stele versus elongation zone, and (6) stele versus cor-
tex. Among 11,552 nonmodified proteins, between 326
(meristematic zone versus elongation zone) and 3,530
(meristematic zone versus cortex) were differentially
expressed between two tissues (Supplemental Table S2).
After functional annotation, between 318 (meristematic
zone versus elongation zone) and 3,460 (meristematic
zone versus cortex) were differentially expressed (Fig.
2A). In all comparisons, the elongation zone preferen-
tially accumulated more differential proteins compared
with the other zones, followed by the meristematic
zone, cortex, and stele, leading to following protein
accumulation trend: elongation zone > meristematic
zone > cortex > stele.

Among the 2,852 phosphorylated proteins, between 46
(meristematic zone versus elongation zone and cortex
versus stele) and 919 (meristematic zone versus cortex)
displayed differential accumulation (Supplemental Table
S2), resulting in 44 (meristematic zone versus elongation
zone) and 886 (meristematic zone versus cortex) differ-
entially accumulated proteins after functional MapMan
annotation (Supplemental Fig. S1A). Here, the following
trend of protein abundance was observed: cortex >
elongation zone > stele > meristematic zone. In com-
parisons 1 (meristematic zone versus elongation zone)
and 6 (cortex versus stele), only a small number of
differentially accumulated proteins were detected in
both data sets, which might be the consequence of the
close relation of the meristematic zone with the elon-
gation zone and the cortex with the stele.

MapMan Annotation of Differentially Accumulated Root
Tissue Proteins

The MapMan bin classification system was used to
further analyze the function of the differentially accu-
mulated nonmodified and phosphorylated proteins
(Fig. 2A; Supplemental Fig. S1A) and to compare the
distribution of up- and down-regulated proteins be-
tween tissues. For each comparison, the distribution of
up- and down-regulated proteins across all MapMan
bins was used as the expected value for further anal-
yses. In a second step, the distribution of up- and
down-regulated proteins in each of the 35 functional
classes (MapMan bins) was compared with the ex-
pected value using Fisher’s exact test (two tailed). In
eight classes, the distribution of up- and down-
regulated proteins differed significantly from the ex-
pected value for at least four of six tissue comparisons
(Fig. 2A), including cell wall, DNA, lipid metabolism,
protein, RNA, secondary metabolism, stress, and
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transport (Fig. 2B; Supplemental Fig. S2). In the func-
tional classes DNA, RNA, and protein, very similar
distributions of protein up- and down-regulation were
observed, resulting in the following trend of protein
abundance: meristematic zone > elongation zone >
stele > cortex, with the highest accumulation in the
meristematic zone and gradually lower abundance in
the elongation zone, the stele, and the cortex (Fig. 2C).
Exactly the opposite protein accumulation trend was
identified for the functional classes lipid metabolism,
secondary metabolism, and transport: cortex > stele >
elongation zone > meristematic zone, with the highest
abundance in the cortex and the lowest abundance in
the meristematic zone. Up- and down-regulated pro-
teins among the six pairwise comparisons involved in
cell wall and stress showed an expression trend of
stele > cortex > elongation zone > meristematic zone
(Fig. 2C).

The same analysis was conducted for the six sets of
differentially accumulated phosphorylated proteins
(Supplemental Figs. S1A and 2). Again, the assignment
of all of these proteins to 35 functional classes was
used as the expected distribution of up- and down-
regulated proteins for subsequent analyses. After-
ward, the bin-specific distribution of phosphorylated
up- and down-regulated proteins was compared with
the expected value. This comparison revealed numer-
ical changes in the ratio of up- and down-regulated
proteins in seven MapMan bins for at least one of six
tissue comparisons (Supplemental Fig. S1B). For the
differentially accumulated phosphorylated proteins in
the classes DNA and RNA, the same expression trend
as for nonmodified proteins was detected: meriste-
matic zone > elongation zone > stele > cortex (Sup-
plemental Fig. S1C). In contrast, proteins of the classes
cell wall, major carbohydrate metabolism, protein,
signaling, and transport showed a different expression
trend: stele > cortex > elongation zone > meristematic
zone (Supplemental Fig. S1C).

Classical Maize Genes among the Nonmodified Proteins

Classical maize genes are genes that were initially
identified by visible mutant phenotypes before being
cloned and characterized (Schnable and Freeling,
2011). To further characterize the tissue-specific non-
modified proteins, they were compared with the list of
468 classical maize genes (https://genomevolution.
org/wiki/index.php/Classical_Maize_Genes; Schnable
and Freeling, 2011). Among the nonmodified pro-
teins, 242 proteins encoded by classical maize genes
were detected (Fig. 3A; Supplemental Table S3). Sim-
ilar numbers of classical maize proteins, ranging from

206 (stele) to 218 (meristematic zone), were identified
in the distinct tissues. Among the nonmodified pro-
teins, between two (elongation zone and stele) and 12
(meristematic zone) proteins encoded by genes of the
classical maize gene list were present in only one tissue
(Fig. 3A). Among the 10 cortex-specific proteins enco-
ded by classical maize genes, six enzymes catalyze the
initial steps of flavonoid biosynthesis, the synthesis of
reduced glutathione (GSH)-anthocyanidin-glucoside
from phenylpropanoids to GSH-anthocyanidin-glucoside
(Fig. 3B).

Correlation of Protein and Transcript Abundance

Global correlations between mRNA and protein
levels in the four tissues were surveyed by comparing
the nonmodified proteome data set with RNA-Seq
transcript profiling data from our laboratory (Paschold
et al., 2014). For the meristematic zone, 7,092 acces-
sions present in the transcriptome and proteome data
set were identified, whereas 6,436 accessions for
the elongation zone, 5,850 accessions for the cortex,
and 5,542 accessions for the stele were determined
(Supplemental Data Set S5). Pearson correlations
revealed mRNA-protein correlation coefficients of 0.5
in the meristematic zone, 0.43 in the elongation zone,
0.38 in the cortex, and 0.38 in the stele (Table II).
Spearman rank correlation coefficients were slightly
higher for the meristematic zone (0.56), elongation
zone (0.45), and 0.41 (stele) and similar for the cortex
(0.38). In summary, Pearson and Spearman rank cor-
relation coefficients displayed moderate positive cor-
relation of RNA and protein abundance in the distinct
primary root tissues. Tissue-specific comparison of
transcripts and proteins demonstrated that, in all
four tissues, a transcript was detected in 93% of pro-
teins. Remarkably, for 7% of proteins, no transcript
was found in the corresponding tissue (Supplemental
Fig. S3).

Comparison of Nonmodified Proteins between Roots,
Seeds, and Leaves

Proteome data sets of seed and leaf tissues of the
maize inbred line B73 were generated previously by
the same analysis pipeline, revealing 12,453 and 12,032
nonmodified proteins from seeds (Walley et al., 2013)
and leaves (Facette et al., 2013), respectively. Com-
parison of these protein sets with the 11,552 non-
modified proteins identified in primary root tissues in
this study allowed for the identification of common
and tissue-specific proteins. In total, 7,902 proteins,

Figure 2. (Continued.)

the ratio of up- and down-regulated proteins differed significantly from the expected value (compare with A) in at least four of
six pairwise tissue comparisons. *P =< 0.05, **P = 0.01, ***P = 0.001. C, Tissue-specific protein accumulation trends based on
the results displayed in B. C, Cortex; EZ, elongation zone; MZ, meristematic zone; S, stele.
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Figure 3. Maize proteins encoded by classical maize
genes (i.e. genes that were first identified based on
their mutant phenotypes). A, Tissue-specific accu-
mulation of classical maize proteins identified among
nonmodified proteins. *, Six of 10 cortex-specific
proteins highlighted in red catalyze the initial
steps of flavonoid biosynthesis. C, Cortex; EZ, elon-
gation zone; MZ, meristematic zone; S, stele. B,
Schematic of the initial steps of flavonoid biosynthesis
including six of the 10 cortex-specific (asterisk in A)
classical maize proteins (red): CHS, CHALCONE
SYNTHASE; F3H, FLAVONONE 3-HYDROXYLASE;
DFR, DIHYDROFLAVONOL-4-REDUCTASE; LDOX,
LEUCOANTHOCYANIDIN DIOXYGENASE; UGT,
UDP-GLUCOSYLTRANFERASE; GST, GLUTATHIONE
S-TRANSFERASE. Classical gene names are highlighted
in boldface.
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which correspond to 68% of all root proteins identified
in this study, accumulated in all three maize organs
(Fig. 4A). Organ-specific accumulation of nonmodified
proteins was detected for 1,504 accessions in roots
(13% of root proteins), 1,611 in leaf (13% of leaf pro-
teins), and 2,110 in seed (20% of seed proteins). In
summary, 16,680 different nonmodified proteins rep-
resenting unique accessions were identified in roots,
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seeds, and leaves. Among 1,504 root-specific proteins,
342 proteins (23%) were detected in all four analyzed
tissues (Fig. 4B), while 618 proteins (41%) accumulated
in two or three tissues. Tissue specificity was observed
for 544 proteins (36%), including 156 proteins in the
meristematic zone, 68 in the elongation zone, 171 in the
cortex, and 149 in the stele. agriGO SEA of the organ-
specific proteins revealed 41 overrepresented GO
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Table II. Correlation between mRNA and protein levels within the
four tissues: meristematic zone (MZ), elongation zone (EZ), cortex (C),
and stele (S)

**p = 0.0001.

Tissue No. of Genes Pearsorn Spearman 'Rank
Correlation Correlation

MZ 7,092 0.50%** 0.56%**

EZ 6,436 0.43%** 0.45%**

C 5,850 0.38%** 0.38x**

S 5,542 0.38%*** 0.47%**

terms among 873 annotated proteins identified exclu-
sively in roots. These GO terms are mainly involved in
response to chemical stimulus, oxidative stress, and
lignin metabolic processes (FDR < 5%; Supplemental
Table S4). In the seed-specific data set, 1,201 GO terms
were annotated and 19 were overrepresented, reflect-
ing, among others, defense proteins and biosynthesis-
regulating proteins. Among 36 overrepresented GO
terms (out of 892 annotated GO terms) of the leaf-
specific data sets, mainly proteins involved in photo-
synthesis were detected, which is in line with their role
in converting light energy in carbohydrates (Sup-
plemental Table 54).

DISCUSSION

Analysis of four maize primary root tissues revealed
that, among 11,552 identified nonmodified proteins,
61% were expressed in all four tissues (Fig. 1B), com-
pared with 28% that were accumulated in two or three
tissues and 11% active in only one tissue. Similarly,
10% of the accumulated proteins in developing maize
seeds exhibited accumulation in only one tissue
(Walley et al., 2013), whereas in different regions of the
maize leaf, only 4% of nonmodified proteins showed
zone-specific accumulation (Facette et al., 2013). In
contrast to the nonmodified proteins, only 30% of
phosphorylated proteins were detected in all four tis-
sues (844 /2,852 phosphoproteins), whereas 39% were
present in two or three tissues and 31% were present in
only one tissue. Similar results were reported from
differentiating leaf zones (Facette et al., 2013) and
differentiating human embryonic stem cells (Rigbolt
et al., 2011), where the phosphoproteome displayed
more dynamic changes than in the nonmodified pro-
teome.

The identification of peptide phosphorylation sites
in this study revealed the relative abundance of Ser
(84%), Thr (15%), and Tyr (1%) phosphorylation. Re-
cent studies showed similar distributions of Ser (86%),
Thr (13%), and Tyr (1%) in maize leaves and seeds
(Facette et al., 2013; Walley et al., 2013). This allowed
for the reconstruction of a kinases-substrate regulatory
network in maize seeds (Walley et al., 2013) and
identified previously unknown phosphorylation sites
in cell wall-related proteins of developing maize leaves
(Facette et al., 2013). In general, in eukaryotes, Ser and
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Thr residues are predominantly phosphorylated,
whereas phosphorylation of Tyr residues is less com-
mon (de la Fuente van Bentem and Hirt, 2009). This
was observed not only in maize but also in Arabi-
dopsis (Arabidopsis thaliana; Ser [85%], Thr [11%], and
Tyr [4%]; Sugiyama et al., 2008) and human embryonic
stem cells (Ser [80%], Thr [17%], and Tyr [3%]; Rigbolt
et al., 2011).

Functional analysis of nonmodified proteins and
phosphoproteins accumulated in only one tissue was
based on the GO analysis toolkit (Du et al., 2010). In
parallel, differentially accumulated proteins between
six pairwise comparisons were functionally character-
ized using the MapMan bin classification system
(Thimm et al., 2004). Among the nonmodified and
phosphorylated proteins accumulated exclusively in

A
Seed: 12,453 proteins Leaf: 12,032 proteins
(Walley et al., 2013) (Facette et al., 2013)
B
EZ c
841 912
Mz S
814 798

Total: 1,504

Figure 4. A, Organ-specific accumulation of nonmodified proteins
detected in primary root, seed, and leaf. B, Protein accumulation
pattern of the 1,504 primary root-specific proteins in distinct primary
root tissues. C, Cortex; EZ, elongation zone; MZ, meristematic zone;
S, stele.
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the meristematic zone, the GO terms DNA binding
and DNA metabolic processes were overrepresented.
In line with that, proteins belonging to the MapMan
classes DNA, RNA, and protein were up-regulated in
the meristematic zone and decreased gradually in
more differentiated tissues, underscoring the high
mitotic activity of the meristematic zone (Ishikawa and
Evans, 1995; Verbelen et al., 2006). The increased rate
of mitosis in the meristematic zone was underscored
by overrepresented GTP-binding proteins (G proteins;
bin 30.5), cell division (bin 31.2), and cell cycle proteins
(bin 31.3; Supplemental Fig. S54). G proteins are regu-
lators for diverse signaling pathways in plants (e.g.
flower, leaf, and fruit development and seed germi-
nation; for review, see Perfus-Barbeoch et al., 2004).
Several studies showed that G proteins also modulate
cell division in Arabidopsis roots (Ullah et al., 2003;
Chen et al., 2006) and rice (Oryza sativa; Ashikari et al.,
1999). Therefore, an overrepresentation of G proteins
might lead to an increase of cell cycle proteins,
resulting in higher cell division rates in the meriste-
matic zone.

In contrast, differentially accumulated nonmodified
proteins related to cell wall, lipid metabolism, sec-
ondary metabolism, stress, and transport were higher
expressed in the differentiated cortex and stele versus
the undifferentiated meristematic and elongation
zones (Fig. 2C). In line with the differentiation status of
the stele, several GO terms involved in lignin biosyn-
thesis (related to the bins cell wall and secondary
metabolism) were overrepresented in this tissue
(Supplemental Table S1). Lignin is deposited in the
xylem elements of the stele to provide structural
support (Vermerris et al., 2010; Zhang et al., 2014). In
line with the overrepresentation of lignin biosynthesis-
related GO terms, six laccases (GRMZM2G146152_P01,
GRMZM2G164467_P01, GRMZM5G814718_P01, GRMZM-
2G367668_P01, GRMZM2G388587_P01, and GRMZM2-
(G305526_P01) were accumulated exclusively in the stele
(Supplemental Data Sets S1 and S3). Laccases are
multicopper-containing glykoproteins that are involved
in lignin polymerization in plants (for review, see
O'Malley et al., 1993). In a variety of plant species,
laccases are expressed in lignified cells, as for instance in
the vasculature of Arabidopsis (Zhao et al., 2013), the
xylem of loblolly pine (Pinus taeda; Bao et al., 1993), and
maize roots (Liang et al., 2006). Furthermore, stele-
specific phosphoproteins related to the GO term trans-
membrane transporter activity were enriched, suggesting
that transporters are more extensively regulated by
phosphorylation. Accordingly, the MapMan analysis
revealed an up-regulation of phosphorylated transport
proteins (bin 34) in cortex and stele (Supplemental Fig.
S1). Among such transport proteins, 50% of all ATP-
binding cassette (ABC) transporters (11 of 22) identi-
fied in the phosphorylated data set preferentially
accumulated in cortex or stele (Supplemental Fig. S5).
ABC transporters are transmembrane proteins en-
abling the transport of hormones, lipids, metals, and
other molecules (for review, see Higgins, 1992) via
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ATP hydrolysis at the ABC, representing a nucleotide-
binding domain (Higgins and Linton, 2004). ABC
transporters, at least in humans, are regulated by
phosphorylation via protein kinases, which was re-
cently reviewed (Stolarczyk et al., 2011). Among the
stele-specific phosphoproteins, GO terms related to
protein kinases were also enriched (Supplemental Table
S1), which could be in line with the high ABC transporter
activity and its activation by kinase-dependent phos-
phorylation in this tissue (Stolarczyk et al., 2011).

In a previous study based on two-dimensional gel
electrophoresis, 70 differentially accumulated protein
spots, representing 56 different GenBank accessions,
were identified between cortex and stele of 2.5-d-old
maize primary roots (Saleem et al., 2010). Only 18 of
the 56 unique proteins (Supplemental Data Set S3)
were also present in the B73 RefGen_v2 5a working
gene set (www.gramene.org), while the remaining 38
proteins were identified based on homology with
proteins of other plant species. Among these 18 cortex-
specific maize proteins (Saleem et al., 2010), 15 (83%)
were preferentially accumulated in the cortex versus
the stele in the present data set. In the study by Saleem
et al. (2010), preferential accumulation of a B-glucosidase
(GRMZM2G016890; GenBank accession no. P49235)
enzyme in the cortex was reported. This enzyme
functions in the release of free bioactive cytokinin
(Brzobohaty et al., 1993). This finding was underscored
and extended by this study, as predominant accumu-
lation of not only one but all 12 B-glucosidase enzyme
accessions identified in this study were preferentially
accumulated in the cortex (Supplemental Data Set S3).
Furthermore, four enzymes involved in ammonium
assimilation showed cortex-specific expression in the
study by Saleem et al. (2010). Those authors sug-
gested that the maize primary root cortex is the site of
ammonium assimilation in young seedlings before
exogenous nitrogen is assimilated from the soil.
Similarly, in this study, most enzymes related to
ammonium assimilation showed preferential accu-
mulation in the cortex (Supplemental Data Set S3): two
Glu dehydrogenases showed cortex-specific expres-
sion, among five GIn synthetases four revealed this
trend, three of five Asp aminotransferases showed
preferential accumulation in cortex compared with
stele, and finally, among four Asn synthetases two
were cortex specific.

To gain further functional insights, the tissue-
specific nonmodified proteins were compared with
the list of classical maize genes that were initially
identified by their mutant phenotypes (Schnable and
Freeling, 2011). This survey identified six cortex-
specific proteins that are involved in the initial steps
of flavonoid biosynthesis by catalyzing the synthesis of
GSH-anthocyanidin-glucoside (Fig. 3B). Flavonoids
belong to a large family of polyphenolic secondary
metabolites, which are involved in a wide range of
biological processes such as signaling in plant-microbe
interactions and protection against ultraviolet light
(Koes et al., 1994). Flavonoids accumulate in most
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plant tissues, often in the epidermis of plant organs,
to protect subjacent tissues from radiation damage
(Saslowsky and Winkel-Shirley, 2001). In contrast to
aboveground tissue, where flavonoid accumulation
can easily be traced by the coloring of flowers or seeds
(Koes et al., 1994), there is little knowledge about fla-
vonoid function in maize root tissues. Accumulation of
flavonoids has been demonstrated in the endodermis,
cortex, and epidermis of white clover (Trifolium repens;
Hassan and Mathesius, 2012), which is in line with the
accumulation of enzymes of flavonoid biosynthesis,
as demonstrated here. ABC transporters, discussed
above, are able to transport flavonoid glycosides
such as GSH-anthocyanidin-glucoside to the vacuole
(Goodman et al., 2004) or to export them through the
plasma membrane for long-distance transport (Buer
et al., 2007).

The analysis of three different maize organs, in-
cluding root tissues surveyed in this study, seeds
(Walley et al., 2013), and leaves (Facette et al., 2013),
revealed between 1,504 and 2,110 organ-specific pro-
teins (Fig. 4A) and nearly 8,000 proteins accumulated
in diverse organs. SEA identified more general over-
represented GO terms, such as protein folding or cel-
lular amine metabolic process, among the overlapping
proteins (data not shown), whereas more specific
overrepresented GO terms were identified among the
organ-specific proteins (Supplemental Table S4). In
line with their function, several GO terms related to
lignin and cell wall biosynthesis were overrepresented
among the root-specific proteins. In the endodermis
and around xylem vessels of roots, the cell wall poly-
mer lignin is deposited to a high extent to provide
mechanical support for the plant body (Vermerris
et al., 2010). In young developing roots, cell wall bio-
synthesis and, therefore, also lignification might be
increased (e.g. because of rapid cell division). Among
the leaf-specific proteins, many GO terms related to
photosynthesis were overrepresented. This is related
to the major function of leaves, which is the photo-
synthetic conversion of light energy into chemical en-
ergy in the form of carbohydrates. Compared with the
relatively low number (11%) of tissue-specific non-
modified proteins identified among all 11,552 proteins
identified in our data set (Fig. 1B), more than three
times as many proteins (36%) were detected to be tis-
sue specific among the 1,504 root-specific proteins (Fig.
4B). This suggests that root-specific proteins have more
tissue-specific functions compared with general pro-
teins, which are also expressed in nonroot tissues.

Traditionally, mRNA abundance measurements
were used to infer protein abundance (for review, see
Vogel and Marcotte, 2012). However, a growing body
of research has found only moderate correlation be-
tween transcript and protein abundance (Gygi et al.,
1999; Schwanhéusser et al., 2011; Petricka et al., 2012;
Vogel and Marcotte 2012; Walley et al., 2013; Ponnala
et al., 2014). In this study, Pearson and Spearman rank
correlation coefficients revealed moderate positive re-
lationships between transcript and protein abundance
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in primary root tissues (Table II). Both coefficients
were used in previous studies to calculate mRNA-
protein relationships (for review, see Maier et al.,
2009; Vogel and Marcotte, 2012). In general, the rela-
tionship between mRNA and protein abundance is
considered positive in a wide range of organisms but
varies greatly between the studies (yeast [Lee et al,,
2011], bacteria [Maier et al., 2011], maize endosperm
and embryos [Walley et al., 2013], and maize leaf
sections [Ponnala et al., 2014]). Variations in mRNA-
protein correlation might be explained by many fac-
tors, such as bias in RNA and protein stability and
movement, experimental measurement, and quantifi-
cation methods (Ponnala et al., 2014). In addition, one
transcript must not necessarily encode for only one
protein but can give rise to many different proteins by
alternative splicing or a wide range of protein modi-
fications. These variants might have different half-
lives; therefore, the observed protein stabilities reflect
average stabilities of multiple isoforms rather than
one-to-one protein-transcript relationships. Further-
more, the correlation of transcript and protein might
vary as a result of translational mechanisms regulating
and fine-tuning the translation of transcripts, such as
by changes in the relative synthesis rate (Kristensen
et al., 2013) or adjusting ribosome density (Liu et al.,
2013). In this study, between 5,543 (stele) and 7,092
(meristematic zone) gene accessions were detected in
both the transcriptome and proteome analyses (Table
II). In all four tissues, 93% of all identified proteins
were also found in the RNA-Seq data set. Remarkably,
for 7% of proteins, no corresponding transcript was
identified.

A similar observation was made previously in a
correlation analysis of maize seeds, where many
abundant proteins were not supported by a corre-
sponding mRNA (Walley et al., 2013). The lack of
transcripts for detected proteins can have different
reasons. For instance, while proteins can be very sta-
ble, their corresponding transcript levels can oscillate
because of circadian regulation of gene expression
(Khan et al., 2010; Walley et al., 2013). In our data set,
we identified three proteins where the corresponding
genes are known to be regulated by the circadian
rhythm (Khan et al., 2010): GRMZM2G055795 (elon-
gation zone), GRMZM2G083841 (elongation zone and
stele), and GRMZM2G097457 (cortical parenchyma).
As a consequence, we only identified proteins but
no transcripts of these accessions. Similarly, in maize
endosperm and embryo, circadian-regulated proteins
displayed a higher abundance than their transcripts
(Walley et al., 2013). Another reason for the lack of tran-
scripts is that proteins move into another tissue after
translation. There are several examples in our data set that
support this notion. For instance, a heat shock protein
(GRMZM5G833699) was present in all tissues, whereas its
transcript was detected only in the elongation zone, cor-
tical parenchyma, and stele but not in the meristematic
zone (Supplemental Data Set S3; Paschold et al., 2014).
Similarly, a SUCROSE SYNTHASE2 (GRMZM2G318780)
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protein was detected in all four tissues, whereas the
corresponding mRNA was lacking in the elongation
zone. Similarly, a short-chain dehydrogenase/reductase
(GRMZM2G066840) protein was present in all four
tissues, whereas transcripts were detected only in the
meristematic zone, elongation zone, and cortical pa-
renchyma. In a recent study comparing endosperm
versus whole seed proteomes and transcriptomes of
maize, 15 proteins were detected in both tissues, while
the RNA was detected in only one (Walley et al., 2013).
In summary, our data set represents a high-
resolution proteome map of four distinct maize pri-
mary root tissues, revealing the functional diversity of
the distinct root zones. Therefore, this data set will be a
helpful resource and starting point for future in-depth
analyses of metabolic functions of root tissues.

MATERIALS AND METHODS
Plant Material

Seeds of the maize (Zea mays) inbred line B73 were germinated in paper
rolls as described previously (Hetz et al., 1996). Seedlings were grown for
5 d in the greenhouse without supplemental lighting. Then, primary roots of
2 to 4 cm in length were dissected into four distinct tissues (Fig. 1). The first
2 mm of the root tip, containing the root cap and the subterminal meristematic
zone, was collected as the meristematic zone. Moreover, the proximal zone
adjacent to the root tip up to the region where the root hairs emerge was
sampled as the elongation zone. Finally, the differentiation zone, starting with
the root hair zone up to the coleorhiza, was mechanically separated into cortex
and stele according to Saleem et al. (2010). For each tissue, 200 roots were
pooled for each of the four biological replicates. All samples were immediately
frozen in liquid nitrogen and stored at —80°C until protein extraction.

Protein Extraction and Phosphopeptide Enrichment

Proteins were isolated from 2 g of frozen tissue per biological replicate. After
grinding the tissue in frozen nitrogen, proteins were precipitated in methanol
containing 0.2 mM Na;VO, and washed three times in methanol followed by
three washing steps in acetone. Precipitation and washing of proteins were
performed at —20°C. Protein pellets were dried in a vacuum concentrator at
4°C. Subsequently, protein pellets were resuspended in 1 mL of extraction buffer
(0.1% [w/v] SDS, 1 mm EDTA, and 50 mm HEPES buffer, pH 7). Cys residues
were reduced using 1 mm Tris(2-carboxyethyl)phosphine at 95°C for 5 min
and subsequently alkylated with 2.5 mm iodoacetamide at 37°C in the dark for
15 min. Proteins were digested overnight using trypsin (Roche; enzyme:sub-
strate = 1:100, w/w). A second tryptic digestion (enzyme:substrate = 1:100, w/w)
was performed the next day for 4 h. Digested peptides were purified on a
Waters Oasis MCX cartridge to remove SDS. Peptides were eluted from the
MCX column with 1 mL of 50% (v/v) isopropyl alcohol and 400 mm NH,HCO,
(pH 9.5) and then dried in a vacuum concentrator at 4°C. For proteome profiling
of nonmodified proteins, peptides were resuspended in 1% (v/v) formic acid to
a final pH of 3 and used for mass spectrometric analyses. For phosphoproteome
profiling, peptides were resuspended in 3% (v/v) trifluoroacetic acid to a final
pH of 1 and then subjected to phosphopeptide enrichment.

For phosphopeptide enrichment, 1% (w/v) colloidal CeO, was added to the
acidified peptide solution at 1:10 (w/w). CeO, with captured phosphopep-
tides was briefly vortexed and then centrifuged at 1,000 for 1 min. After
removing the supernatant, the CeO, pellet was washed with 1 mL of 1% (v/v)
trifluoroacetic acid. By adding eluting buffer [200 mm (NH,),HPO,, 2 m
NH;-H,0, and 10 mm EDTA, pH 9.5; identical volume as the added 1% [w/v]
colloidal CeO,], phosphopeptides were eluted.

Mass Spectrometry and Peptide Identification

Mass spectrometry (MS) and peptide identification were performed as
described previously (Facette et al., 2013; Walley et al., 2013). In brief, an 1100
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HPLC system (Agilent Technologies) delivered a flow rate of 600 nL min~" to
a three-phase capillary chromatography column through a splitter. A custom
pressure cell was used to pack 5 um of Zorbax SB-C18 (Agilent Technologies)
into fused silica capillary tubing (250-um i.d., 360-um o.d., 30 cm long) to form
the first dimension reverse-phase (RP1) column. A 5-cm-long strong cation-
exchange (SCX) column packed with 5 um of polysulfoethyl (PolyLC) was
connected to the RP1 column using a zero dead volume 1-um filter (Upchurch;
Mb548) attached to the exit of the RP1 column. As an analytical column, the
fused silica capillary (200-um i.d., 360-um o0.d., 20 cm in length) packed with
5 um of Zorbax SB-C18 (Agilent Technologies) was connected to the SCX
column. The electrospray tip of the fused silica tubing was pulled to a sharp
tip with the i.d. smaller than 1 um using a P-2000 (Sutter Instrument) laser
puller. Using the custom pressure cell, the peptide mixtures were loaded
onto the RP1 column. For each liquid chromatography-MS/MS analysis, a
new set of columns was used. First, the peptides were eluted from the RP1
column to the SCX column using a 0% to 80% acetonitrile gradient for 150
min. The peptides were then fractionated by the SCX column using a series
of salt gradients (from 10 mm to 1 M ammonium acetate for 20 min each),
followed by high-resolution reverse-phase separation using an acetonitrile
gradient of 0% to 80% for 120 min.

Spectra were analyzed on the LTQ Velos linear ion trap tandem mass
spectrometer (Thermo Electron), which employed automated, data-
dependent acquisition. The mass spectrometer was operated in positive
ion mode with a source temperature of 250°C. As a final fractionation step, gas
phase separation in the ion trap was employed to separate the peptides into
three mass classes prior to scanning (300-800, 800-1,100, and 1,100-2,000 D).
Each MS scan was followed by five MS/MS scans of the most intense ions from
the parent MS scan. A dynamic exclusion of 1 min was used to improve the duty
cycle.

Database Search

Spectrum Mill version 3.03 (Agilent Technologies) was used to extract and
search the raw data. MS/MS spectra with a sequence tag length of 1 or less
were discarded. The remaining MS/MS spectra were searched against the
maize B73 RefGen_v2 5a working gene set downloaded from www.gramene.
org. The enzyme parameter was limited to full tryptic peptides, allowing a
maximum miscleavage of 1. All other search parameters were set to Spectrum
Mill’s default settings (carbamidomethylation of Cys, +2.5 D for precursor
ions and +0.7 D for fragment ions; and a minimum matched peak intensity of
50%). For the phosphoproteome data, oxidation of Met, N-terminal pyro-Gln,
and phosphorylation on Ser, Thr, or Tyr were defined as variable modifica-
tions. A maximum of two modifications per peptide were used. A 1:1 con-
catenated forward:reverse database was constructed to calculate the FDR. The
tryptic peptides in the reverse database were compared with the forward
database and were shuffled if they matched to any tryptic peptides from the
forward database. Peptide cutoff scores were dynamically assigned to each
data set to maintain the FDR less than 0.1% at the peptide level. Maintaining a
data set level FDR of 0.1% resulted in FDRs for the nonmodified proteome of
0.57 at the protein level (66 decoy hits among 11,618 protein group leaders)
and 2.1 at the phosphoprotein level (61 decoy hits among 2,913 phospho-
protein group leaders). Phosphorylation sites were localized to a particular
amino acid within a peptide using the VML score in Agilent’s Spectrum Mill
software (Chalkley and Clauser, 2012). A sequence VML score of greater
than 0.5 defined a particular amino acid as phosphorylated, whereas a VML
score of 0.05 or less defined an ambiguous residue. Proteins that share
common peptides were grouped using principles of parsimony to address
the protein database redundancy. Thus, proteins within the same group
shared the same set or subset of unique peptides. A specific protein of each
protein group was assigned as a group leader if it was presented by the
highest number of unique peptide identifications or showed the highest
value of protein coverage. Protein abundance and phosphorylation levels
were quantified by spectral counting. Spectral counts for each protein rep-
resent the total number of peptide spectral matches to that protein (Liu et al.,
2004; Huttlin et al., 2010; Walley et al., 2013). Biological replicates were
normalized as described previously (Marcon et al., 2010, 2013). Briefly, raw
SPCs of each biological replicate were normalized by assigning 500,000 SPCs
to the sum of all proteins detected in the distinct run. The resulting nor-
malization factor (assigned sum of SPCs divided by the sum of SPCs of each
run) was then multiplied with each protein SPC of each run to allocate the
assigned sum of 500,000 SPCs. Expressed proteins were defined by at least
one SPC in one of the four biological replicates.
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GO Analyses

GO functional categories were assigned to tissue specifically accumulated
proteins using the Web-based agriGO software (http://bioinfo.cau.edu.cn/
agriGO/analysis.php). An SEA was used to compute enriched categories by
comparing a list of tissue-specific proteins or tissue-specific phosphoproteins
with all expressed proteins (11,552) or phosphoproteins (2,852), as described
previously (Du et al., 2010). According to Benjamini and Yekutieli (2001),
multiple comparison correction was performed and FDR was controlled at 5%.
The SEACOMPARE tool allowed for combined cross comparisons of SEA
results.

Functional Analysis of Differentially
Accumulated Proteins

Raw data were normalized by the sum of the proteins detected in a sample
and then converted to counts per million. A small value of 0.5 was added to
avoid zero counts. Count data typically show nontrivial mean variance re-
lationships. Raw counts show increasing variance with increasing count size,
while log counts typically show a decreasing mean variance trend. We es-
timated the mean variance trend for log counts and then assigned a weight to
each observation based on its predicted variance. The weights were then used
in the linear modeling process to adjust for heteroscedasticity (Law et al.,
2014).

To borrow strength across proteins in the estimation of the residual error
variance, we used the empirical Bayes approach of Smyth (2004) implemented
in the R package limma. Using Smyth’s moderated ¢ statistic makes use of all
estimated sample variances, which are shrunk to a pooled estimate. Especially
in cases where few replicates are available, inference is far more stable in
comparison with the ordinary f statistic. We fitted the following linear model
for each gene:

log, (v5) = i + B; +¢;

where log, (y;) is the log,-transformed value of the normalized spectral read
counts per million on protein level of the ith tissue in the jth sample. o; is the
fixed effect of the tissue (i = 1, 2,...,4), Bj is the random sample effect (j = 1,
2,.../4), and ¢; is the corresponding residual, assumed to be independently and
identically distributed as N(0,0?). P values over genes were then corrected for
multiplicity using the FDR (Benjamini and Hochberg, 1995).

The MapMan bin classification system (Thimm et al., 2004) was used for
functional annotations of proteins displaying differential accumulation in the
following tissue comparisons: meristematic zone versus elongation zone,
meristematic zone versus cortex, meristematic zone versus stele, elongation
zone versus cortex, elongation zone versus stele, and cortex versus stele.
The MapMan functional annotation file Zm_B73_5b_FGS_cds_2012 (http://
mapman.gabipd.org) was used for the analysis.

Correlation Analysis

To assess the accuracy of the biological replicates, Pearson correlation co-
efficients of averaged normalized SPCs of the four biological replicates per
tissue were calculated as described previously (Walley et al., 2013). To de-
termine the relationship of mRNA and protein, RNA-Seq data from our lab-
oratory (Paschold et al., 2014) were compared with the nonmodified protein
data set of this study. The RNA-Seq data set was generated using the same
tissues, in the same genotype (B73) at the same developmental stage, and
mapped to the ZmB73 FGS_5B_filtered gene set version 2 (www.gramene.
org). For global correlation analyses of transcript and protein abundance, the
R package was used to calculate Pearson correlation and Spearman rank
correlation of normalized log,-transformed data. To be included in the cor-
relation analysis, we required that both the mRNA and protein were detected
and that the mRNA and protein were present in at least three biological
replicates. Pearson correlation measures a linear correlation between two
variables, which is more appropriate if the variables have a jointly normal
distribution, whereas the Spearman rank correlation quantifies monotonic
correlation between two variables, which is less restrictive than Pearson cor-
relation (Ponnala et al., 2014). Such a monotonic correlation could be the more
appropriate assumption for our correlation analysis, since mRNA-protein
abundance relationships may be nonlinear (de Sousa Abreu et al., 2009; Maier
et al., 2009).
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Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Number of up- and down-regulated phosphor-
ylated proteins resulting from six pairwise comparisons of the four
maize primary root tissues.

Supplemental Figure S2. Distribution of differentially accumulated non-
modified and phosphorylated proteins between six tissue pairwise com-
parisons into 35 distinct MapMan bins.

Supplemental Figure S3. Number of gene accessions identified among
nonmodified proteins and transcripts.

Supplemental Figure S4. Distribution of differentially accumulated non-
modified proteins in six pairwise comparisons of the four primary root
tissues into distinct MapMan bins.

Supplemental Figure S5. Preferential accumulation of 11 ABC transporters
in the cortex and stele of primary roots.

Supplemental Table S1. Enriched GO terms of tissue-specific proteins of
nonmodified and phosphorylated protein data sets using SEA.

Supplemental Table S2. Number of differentially accumulated proteins
(FDR = 5%) in the nonmodified and phosphorylated protein data set.

Supplemental Table S3. Classical maize protein identifications and their
tissue-specific accumulation identified among nonmodified proteins.

Supplemental Table S4. A SEA of proteins being organ-specifically accu-
mulated among nonmodified proteins of maize.

Supplemental Data Set S1. Raw spectral counts of nonmodified proteins.

Supplemental Data Set S2. Raw spectral counts of phosphorylated pro-
teins.

Supplemental Data Set S3. Normalized spectral counts of nonmodified
proteins.

Supplemental Data Set S4. Normalized spectral counts of phosphorylated
proteins.

Supplemental Data Set S5. Raw and normalized reads and spectral counts
for each gene which was observed in at least three biological replicates of
the mRNA and nonmodified protein data set.
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