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Aging-related processes in plant tissues are associated with changes in developmental and physiological processes relevant for
stress tolerance and plant performance. While senescence-regulated processes have been extensively characterized in leaves,
they remain poorly described in roots. Here, we investigated the physiological processes and molecular determinants underlying
the senescence of seminal roots in hydroponically grown barley (Hordeum vulgare). Transcriptome profiling in apical and basal
root tissues revealed that several NAC-, WRKY-, and APETALA2 (AP2)-type transcription factors were upregulated just before
the arrest of root elongation, when root cortical cell lysis and nitrate uptake, as well as cytokinin concentrations ceased. At this
time point, root abscisic acid levels peaked, suggesting that abscisic acid is involved in root aging-related processes characterized
by expression changes of genes involved in oxidative stress responses. This temporal sequence of aging-related processes in roots
is highly reminiscent of typical organ senescence, with the exception of evidence for the retranslocation of nutrients from roots.
Supported by the identification of senescence-related transcription factors, some of which are not expressed in leaves, our study
indicates that roots undergo an intrinsic genetically determined senescence program, predominantly influenced by plant age.

In plants, age-dependent degenerative processes have
been widely studied in readily accessible plant organs,
particularly in leaves, but also in flowers, fruits, or spe-
cialized organs such as nodules (Oeller et al., 1991; Cam
et al., 2012; Wu et al., 2017; Grosskinsky et al., 2018).
These studies have built the concept of organ senescence,
which defines a genetically determined developmental
program following the completion of growth, with the
major purpose to recycle nutrients within cells, organs,
or whole plants (Lim et al., 2007). Surprisingly, roots
have rarely been considered for senescence-related
studies, although root functions are critical to over-
come age- or stress-related disorders but cease with

plant age (Schippers et al., 2015). Also, in agricultural
plant production, aging-related processes determine
the lifespan of a physiologically active root and thus
postflowering nutrient and water uptake, which is a
highly relevant but poorly characterized agronomic trait.
Even though the progression of senescence varies

among organs or species and strongly depends on en-
vironmental factors (Navas et al., 2003), several mor-
phological and physiological processes appear typical.
In leaves, senescence starts with chlorosis, resulting
from breakdown of chlorophyll and dismantling of
chloroplasts, allowing proteins like Rubisco to be
engulfed in vesicles and transported to the vacuole
for proteolysis (Ishida et al., 2008). Protein catabolism
is generally associated with a decrease in total amino
acids, as many of these are translocated to sink or-
gans. However, some amino acids, especially Trp and
Phe, accumulate and partly serve as precursors, e.g.
for the synthesis of melatonin and serotonin or of
salicylic acid (SA), which act as plant growth regu-
lators in leaf senescence (Morris et al., 2000; Kang
et al., 2009; Erland et al., 2015). Senescence-induced
decomposition of macromolecules is further accom-
panied by enhanced mobilization of mineral ele-
ments, in particular of nitrogen (N), phosphorus (P),
potassium (K), or iron (Fe; Himelblau and Amasino,
2001). Remobilization of these nutrients requires met-
abolic activity to bring these minerals into phloem-
mobile forms, e.g. via the induction of phosphatases
to release phosphate from nucleic acids or via the syn-
thesis of nicotianamine and phytosiderophores to che-
late metals for phloem loading (Shi et al., 2012;
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Veneklaas et al., 2012). At the cellular level, senes-
cence induces autophagy, an intracellular trafficking
and degradation pathway guiding organelles or pro-
teins to the vacuole for proteolysis and nutrient recy-
cling (Avila-Ospina et al., 2014). With progressing leaf
age, plasma membranes eventually disintegrate and
allow uncontrolled efflux of cellular metabolites and
constituents (Kim et al., 2009).

Morphological and physiological events occurring
during leaf senescence are under control of a complex
regulatory network that coordinates responses to
environmental factors with the plant developmental
program and involves transcriptional regulators aswell
as phytohormones (Schippers et al., 2015). In Arabi-
dopsis (Arabidopsis thaliana), high-resolution temporal
profiling of gene expression during leaf senescence and
clustering of coexpressed genes revealed a chronologi-
cal sequence of distinct senescence-associated processes
(Breeze et al., 2011). Transcriptional regulation of leaf
senescence is dominated by NAC- and WRKY-type
transcription factors and marked by an early increase
in genes involved in reactive oxygen species (ROS)
formation or in abscisic acid (ABA), ethylene, and SA
synthesis and signaling. Further analyses showed that
leaf senescence is governed by individual leaf age as
well as by the developmental stage of the whole plant
(Zentgraf et al., 2004; Miao et al., 2013; Bohner et al.,
2015). This concept has been expanded by the hy-
pothesis that initiation and progression of leaf senes-
cence depend on previous experiences of a leaf and
thus likely differ from leaf to leaf, while reflecting the
developmental stage of the entire plant (Kim et al.,
2018). Unlike aboveground organs, such type of age-
related studies in roots is scarce. Microscopic analysis
of basal root segments from graminaceous species
showed progressing lysis of the cortical cell layer with
age (Schneider et al., 2017). This so-called root cortical
senescence appears associated with a decrease of P and
N concentrations as well as of root respiration. How
these morphological changes temporally integrate into
a sequence of root aging-related processes remains to be
elucidated.

So far, aging-related studies in plant roots have de-
scribed changes of individual root properties over time,
such as root browning, the decrease in nutrient up-
take rate, or the degeneration of individual cell layers
(Eissenstat et al., 2000; Bingham, 2007; Schneider and
Lynch, 2018). It has thus remained unclear whether
these age-related processes in roots are biologically
linked and coordinated by a developmental program or
just the consequence of apoptosis in individual cell
types (Kosslak et al., 1997; Schneider and Lynch, 2018).
Here, we tested the hypothesis whether aging-related
processes in roots reflect typical senescence-related
processes, such as those described in other plant
organs. Our root zone-specific phytohormone and tran-
scriptome studies indicate that the majority of aging-
related processes are governed by plant age rather than
by tissue age. Dynamic changes in metabolites, phy-
tohormones, and gene expression identify candidates

triggering or regulating root senescence. Thereby,
this study allows composing a root-specific chrono-
logical sequence of physiological and developmental
processes that govern root senescence in barley (Hor-
deum vulgare).

RESULTS

Morphological Changes during Seminal Root Aging

The root system of barley plants consists of embry-
onic and postembryonic roots. Embryonic roots, re-
ferred to as seminal roots in graminaceous species, are
formed during embryogenesis. Postembryonic roots
are formed after germination and include lateral roots
and nodal roots, which develop from the basal part of
the shoot (Naz et al., 2014). Respecting that root types
differ in development and nodal roots proliferate pro-
gressively over time, we focused here on aging-related
processes only in seminal, i.e. embryonic roots. We
cultivated barley plants in hydroponics over a period
of almost 8 weeks and harvested seminal roots on a
weekly basis between days 18 and 53. At the same time
points, individual leaves of the main stem were sub-
jected to chlorophyll analysis, showing that in the first
leaf, chlorophyll levels decreased from 25 d after ger-
mination (dag), while in each of the subsequent leaves,
loss of chlorophyll set in approximately 1 week later
(Fig. 1A). Nevertheless, shoots appeared visually green
until 53 dag, as the main stem was covered by newly
formed tillers (Supplemental Fig. S1). Seminal root bi-
omass increased almost linearly between 18 and 46 dag
and then leveled off, while seminal root elongation
began to stagnate at 39 dag (Fig. 1B). This was also the
time point when root browning set in (Supplemental
Fig. S1). As root browning has been found to correlate
with the reduction of nutrient uptake and root respi-
ration (Baldi et al., 2010), root browning has been
widely used as a phenotypical trait to describe the
transition of a physiologically active to an inactive or
dead root (Comas et al., 2000). The first nodal roots
emerged approximately 25 dag, while strongest pro-
liferation was observed around 46 dag, followed by
nodal root browning at 53 dag (Supplemental Fig. S1).
Meanwhile, nodal root dry weight increased almost
exponentially (Fig. 1C), justifying our approach to dis-
miss this root type from characterizing aging-related
processes. A closer look at the root tips of the seminal
roots revealed that at 39 dag, 15.3% of the seminal root
tips were degraded (Fig. 2). This proportion of de-
graded seminal root tips increased up to 65.7% at final
harvest.

To investigate whether structural changes were re-
sponsible for arrested elongation and root tip decay, we
inspected cross sections of different root zones by light
microscopy. Initially, seminal root tips were intact and
whitish, but Evans blue staining, indicating plasma
membrane damage, showed that already 18 dag, some
epidermal cells in themost basal root sectionwere leaky
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(Fig. 2). From 39 dag on, root tips turned brown and
outer cell layers of the basal root zone degraded. With
plant age, this degradation process progressed acrop-
etally with largest lesions observed in the cortex, most
likely reflecting root cortical senescence (Schneider et
al., 2017). At 39 dag, epidermal cell leakage had par-
tially reached the apical root zone, coinciding with the
onset of tip degradation in individual roots (Fig. 2). As a
reference for the developmental stage of the main stem,
we also inspected the spike meristem. Between 18 and
25 dag, the spike meristem had passed the double-ridge

stage and progressed until the awn primordium
stage at 53 dag (Supplemental Fig. S2), indicating that
the apical shoot meristem of the main tiller had not yet
formed a major sink organ. Taken together, seminal
roots underwent degenerative processes including root
browning, arrested elongation, and partial cell decay,
which set in between 32 and 39 dag, i.e. when nodal
roots began their exponential growth.

Physiological and Metabolic Rearrangements during
Seminal Root Aging

As a fundamental physiological root function, nu-
trient uptake was assessed in seminal roots of pro-
gressing age. Between 18 and 39 dag, nitrate uptake rate
was constant at approximately 3 mmol min21 g21 dry
weight, before a significant drop set in (Fig. 3A). In
parallel, root-to-shoot translocation of 15N slightly in-
creased until 39 dag but sharply declined afterward. In
part, this decline in 15N translocation was a direct
consequence of decreasing nitrate uptake rates. We
hypothesized that this decline in nitrate uptake and
translocation resulted from sugar depletion, since this
type of root activity strongly relies on assimilate supply
(Lejay et al., 2003). Although carbohydrate analysis in
seminal roots revealed an initial decline of Fru and Glc
between 18 and 25 dag, followed by a phase of constant
levels, Suc concentrations did not decrease significantly
(Fig. 3B). As these changes did not temporally coincide
with the decline in nitrate uptake rate, it was assumed
that assimilate depletion in roots was unlikely the cause
for the decreasing root activity.
Leaf senescence is typically associated with protein

degradation (Hörtensteiner, 2009). In seminal roots,
however, the concentration of soluble proteins remained
rather stable despite progressing plant age (Fig. 4A).
In contrast, the concentration of total amino acids de-
creased, which was mainly attributed by a gradual
decrease in Glu, Asp, and Ser but less in Asn and Gln
(Fig. 4, A and B). At the same time, levels of Cys, Gly,
Lys, Arg, and of the aromatic amino acids Tyr, Phe, and
Trp increased (Fig. 4, B and C), indicating profound
changes in amino acid metabolism and suggesting
a possible requirement of aromatic amino acids as
precursors for the synthesis of secondary metabolites
(Watanabe et al., 2013). In a downstream pathway, the
Trp-derived metabolites serotonin and its precursor
tryptamine gradually accumulated during aging of
seminal roots (Fig. 4C), which was highly reminiscent
of age-dependent changes during leaf senescence, as
serotonin has been shown to increase in senescing rice
(Oryza sativa) leaves (Kang et al., 2009).

Changes in Mineral Element Contents during Root Aging

To address the question whether nutrient remobili-
zation, the central biological function of leaf senes-
cence, also occurs during root aging, seminal roots

Figure 1. Development of leaf chlorosis and growth of seminal and
nodal roots with progressing plant age. A, Color-coded heat map of
chlorophyll concentrations in individual leaves (numbers 1–11) of the
main tiller. B, Dry mass and total length of the seminal root system. C,
Dry mass of the nodal root system. Hydroponically grown barley plants
were harvestedweekly from 18 to 53 d after germination (dag). Symbols
represent means 6 SE. Different letters indicate significant differences
among means according to Tukey’s test at P, 0.05 (n5 5 independent
biological replicates).
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were subjected to elemental analysis. From 18 dag on,
concentrations of most mineral elements decreased,
except for N that remained constantly at 5% and de-
creased just slightly at 53 dag (Fig. 5A; Supplemental
Fig. S3). Decreasing nutrient concentrations were
mostly related to a dilution effect, because root biomass
increased steadily until 46 dag (Fig. 1B). Nutrient
content, which is defined as the total element amount
of a given tissue and reflected here the whole nutrient
pool in seminal roots, increased at least until 39 dag for
every element. From then on, P and zinc (Zn) contents
tended to decrease, and with a delay also those of K
(Fig. 5, B–D), suggesting that seminal roots may have
remobilized a part of these elements during aging.
Most other essential elements, including sulfur (S), Fe,
copper (Cu), or molybdenum (Mo), which were
reported to decrease by up to 40% in senescing leaves
(Himelblau and Amasino, 2001), did not show any
substantial decrease of their contents, while the nutri-
tional status of these elements in seminal roots—as
reflected by their concentrations—remained adequate
and largely unaffected by plant age (Supplemental Fig.

S3). Thus, clear evidence for nutrient remobilization out
of roots was not obtained.

Plant-Age- and Tissue-Age-Dependent Phytohormone
Dynamics during Root Aging

As the degradation of epidermal and cortical root
cells set in earlier than that of inner root cells (Fig. 2),
one may speculate that seminal roots degrade in a tis-
sue-age-dependent manner. On the other hand, incipi-
ent root tip decay from 39 dag (Fig. 2) suggested that
this degradation process is not controlled by tissue age
but rather by plant age. We therefore harvested root
tissue separately from the basal root zone (BRZ) and
apical root zone (ARZ). In view of the fact that the
majority of cells in these root samples represent differ-
entiated, mitotically inactive cells, we refer here to
postmitotic senescence processes (Gan and Amasino,
1997; Woo et al., 2013). Whereas BRZ samples reflec-
ted progressing tissue age and plant age, continuous
proliferation of new cells in the growing ARZ resulted

Figure 2. Structural changes in the seminal root tissue and phenotype of root tips with progressing plant age. Light microscopy of
root cross sections at 5 cm below the hypocotyl, 20 cm below the hypocotyl, or at the position where the first lateral root had
emerged to amaximum length of 1mm. Roots of hydroponically grown barley plants were examinedweekly from 18 to 53 d after
germination (dag). To test membrane integrity, seminal roots were stained with Evans blue. Percentage (%) indicates the abun-
dance of degraded apical root tips. Representative images of root tips with percent values of intact and degraded phenotypes at a
given plant age (n $ 70 independent biological replicates). Bars 5 200 mm.
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in constant tissue age over time despite progressing
plant age. Both fractions were first subjected to phyto-
hormone analysis, since phytohormones take over criti-
cal roles in regulating leaf senescence. In general, auxin
and cytokinin (CK) concentrations were much higher in
the ARZ than in the BRZ (Fig. 6, A–D), which likely re-
lated to the fact that the root apical meristem is a major
sink for rootward transported auxin and a major site of
CK biosynthesis. Among the CKs, nonribosylated CKs
were apparently below the detection limits, whereas
three ribosylated transport forms were detected, which
all showed a marked decline at 46 and 53 dag in either
tissue. In the BRZ, transzeatin-riboside (tZR) and iso-
pentenyladenosine decreased continuously from 18 dag
on, while cis-zeatin-riboside (cZR) peaked at 39 dag
(Fig. 6, A and B). Thus, synthesis of cZR, which rep-
resents a form of weaker physiological activity (Heyl
et al., 2006), or its conversion from tZR apparently
increased until this time point before degradation set
in or synthesis of all ribosylated CK forms slowed
down. Concentrations of auxin, which has been de-
scribed as a negative regulator of leaf senescence (Kim
et al., 2011), increased between 18 and 32dag in theARZ,
while it remained constant in the BRZ, before dropping

sharply at 46 dag (Fig. 6, C andD). Concentrations of SA,
which regulates a subset of senescence-promoting genes
in leaves (Morris et al., 2000), showed no such transi-
tion point but accumulated steadily during root aging
in the BRZ and until 46 dag also in the ARZ (Fig. 6, E
and F).
Remarkably, ABA levels exhibited a completely dif-

ferent temporal pattern during root aging. ABA con-
centrations in theARZ and BRZwere in general low but
showed a pronounced peak at 39 dag with approxi-
mately 4-fold higher levels than at any other day (Fig. 7,
A and B). This striking ABA peak was associated with a
massive accumulation of transcript levels of the 9-cis-
EPOXYCAROTENOID DIOXYGENASE (NCED) genes
HvNCED1 andHvNCED2 from 32 dag on (Fig. 7, C and
D). These genes encode the rate-limiting enzymes for
ABA biosynthesis in barley (Seiler et al., 2011). In the
ARZ, 32 dag was also the starting point for an increase
in transcript levels of ABA89-HYDROXYLASE1 (ABA89-
OH-1) and ABA89-OH-2, while ABA89-OH-3 increased
later in both root fractions (Fig. 7, E and F). These genes
are involved in ABA degradation, and their transcript
levels are known to be induced by elevated levels of
ABA (Kushiro et al., 2004). Thus, enhanced transcript
levels of ABA biosynthesis and degradation genes at day
32 were preceding or concomitant with the ABA peak at
39 dag when auxin and CK levels dropped, suggesting a
marked transition in the phytohormonal regulation of
developmental and physiological processes in apical as
well as BRZs.

Plant-Age- and Tissue-Age-Dependent Transcriptome
Analysis of Roots

The two root tissues, ARZ and BRZ, were then sub-
jected separately to microarray analysis. Raw feature
intensities were background corrected to normalize be-
tween arrays. Before calculating differential gene ex-
pression, the normalizeddatawere subjected to principal
component analysis, which showed gradual changes in
transcriptome profiles over time (Fig. 8A). In both tis-
sues, age-dependent transcriptome changes separated
along PC2 between 18 and 32 dag but along PC1 from 32
to 54 dag, suggesting a qualitative shift in transcriptome
responses at 32 dag. We then took expression values of
individual transcripts at 18 dag as reference for calcu-
lating relative changes at later time points and con-
ducted a nonsupervised cluster analysis. This approach
revealed that the top three gene clusters of the BRZ and
ARZ showed their most prominent changes at 32 dag
(Supplemental Fig. S4), supporting day 32 as most
prominent transition point for gene regulation in the
BRZ and ARZ.
Employing GO enrichment analysis, we subsequently

explored changes in the abundance of transcripts that
are involved in known biological processes at different
stages of root development. Based on all significantly
enriched GO terms in the ARZ and BRZ (Supplemental
Tables S1–S5), we focused on those that represented

Figure 3. Uptake and translocation of nitrate and sugar levels in
seminal roots with progressing plant age. A, Nitrate uptake rate and
root-to-shoot translocation rate of labeled nitrogen. Seminal roots of
different plant age were exposed to 1 mM 15N-labeled KNO3 for 20
min. B, Concentrations of Suc, Fru, and Glc in seminal roots of hy-
droponically grown barley plants that were examined weekly from 18
to 53 d after germination (dag). Symbols represent means6 SE. ns, not
significant. Different letters indicate significant differences among
means according to Tukey’s test at P , 0.05 (n 5 6 independent bi-
ological replicates).
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terminal nodes in the GO term hierarchy and appeared
at least twice across all timepoints and tissues. At 25dag,
a relatively small number of genes showed altered ex-
pression, and only a few GO terms, including “response
to acid chemical” and “response to water,” were signif-
icantly enriched in the BRZ, indicating that both tissues
were still in a similar developmental or physiological

state as at 18 dag (Fig. 8B; Supplemental Tables S1–S5).
At 32 dag, several GO terms became significantly
enriched in the two root tissues, in particular “regulation
of transcription,” which remained enriched at 39 dag
and in the ARZ even until 46 dag. In addition, both tis-
sues were characterized by changes in the expression
of genes involved in “protein ubiquitination” and

Figure 4. Plant age-dependent profiles
of proteins, amino acids, and amines in
seminal roots with progressing plant
age. A, Soluble protein and total amino
acid concentrations. B, Log2-fold change
of individual amino acid concentrations
represented in a heat map. C, Concen-
trations of Trp, tryptamine, and seroto-
nin. GABA, Gamma-aminobutyric acid;
FW, fresh weight. Symbols represent
means 6 SE. ns, not significant. Differ-
ent letters indicate significant differ-
ences among means according to
Tukey’s test at P , 0.05 (n 5 5 inde-
pendent biological replicates). For
the heat map, amino acids concen-
trations are referred to their levels
at 18 d after germination (dag) and
resulting fold changes were log2 trans-
formed (log2FC) before being clustered
according to the k-means clustering
method.

Figure 5. Plant age-dependent profiles
of nutrient concentrations and contents
in seminal roots with progressing plant
age. Concentrations and of contents of
nitrogen (A), phosphorus (B), zinc (C),
and potassium (D) in seminal roots of
hydroponically grown barley plants
that were examined weekly from 18 to
53 d after germination (dag). Root ele-
ment contents represent the total amount
in the seminal root biomass. Symbols
represent means 6 SE. Different letters
indicate significant differences among
means according to Tukey’s test at P ,
0.05 (n 5 6 independent biological
replicates).

998 Plant Physiol. Vol. 181, 2019

Liu et al.

http://www.plantphysiol.org/cgi/content/full/pp.19.00809/DC1
http://www.plantphysiol.org/cgi/content/full/pp.19.00809/DC1


“L-Phe metabolic process,” the latter coinciding with
an increase in root Phe concentrations (Fig. 4B). The
terms “L-protein phosphorylation” and “protein kinase
C-activating G-protein coupled receptor signaling
pathway” appeared preferentially in the BRZ. At 46
and 53 dag, both tissues were marked by a sudden
enrichment of genes belonging to “oxidation-reduction
process” and “response to oxidative stress,” together
with the term “S-adenosyl-Met biosynthetic process”
that was also significant in the BRZ one time point be-
fore (Fig. 8B; Supplemental Tables S1–S5). Taken to-
gether, principal component analysis, gene clustering,
and GO term analysis revealed major quantitative
and qualitative shifts in gene expression in both
root tissues at 32 dag and another qualitative shift
at 46 dag. Since these predominant changes in the
transcriptome were common to the ARZ and BRZ,
plant age rather than tissue age appeared responsi-
ble for this transition in global gene expression
patterns.

In leaves, the Cys protease gene SAG12 has been
widely used as senescence marker (Guo et al., 2004).
Transcript levels in roots of the putative barley ortholog
HvSAG12/HvPAP17 strongly increased in the ARZ at 32
dag, whereas in the BRZ the closely related homolog
HvPAP15 increased at 39 dag (Supplemental Fig. S5).
Based on the highly significant enrichment of the term
“regulation of transcription” at 32 dag in the ARZ and
BRZ, we queried the transcriptome data for transcrip-
tion factors constituting this GO term. In Arabidopsis
and barley, onset of leaf senescence is characterized by
up-regulation especially of NAC- and WRKY-type tran-
scription factors (Balazadeh et al., 2008; Christiansen and
Gregersen, 2014). Indeed, more than 50% of significantly
altered NAC-, WRKY-, and AP2-type transcription fac-
tors were upregulated from 32 dag onwards (Fig. 9, A–F;
Supplemental Tables S6–S11). We further verified tran-
script levels of a few of these transcription factors by
quantitative PCR, including HvNAC005, HvNAC003,
HvNAM1, and HvNAM2, which all were upregulated

Figure 6. Hormone profiles in apical
and basal root zones with progressing
plant age. Concentrations of cytokinin
ribosides (CK; A and B), auxin (C and
D), and SA (E and F) in the apical (ARZ)
or basal root zone (BRZ) of hydroponi-
cally grown barley plants sampled
weekly from 18 to 53 d after germina-
tion (dag). DW, Dry weight. Symbols
represent means 6 SE. Different letters
indicate significant differences among
means according to Tukey’s test at P ,
0.05 (n 5 5 independent biological
replicates). IPR, Isopentenyladenosin;
tZR, transzeatin riboside; cZR, cis-
zeatin riboside.
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during root aging, albeit with slightly distinct temporal
patterns (Fig. 9, G–J). Since these transcription factors
or their close orthologs have been identified as leaf se-
nescence regulators (Distelfeld et al., 2014; Christiansen
et al., 2016; Mao et al., 2017), these observations empha-
size that several transcriptional regulators, previously
associated with leaf senescence, showed an age-
dependent increase in expression also in roots. More-
over, according to the barley transcriptome atlas
(https://webblast.ipk-gatersleben.de/barley_ibsc/),
HvWRKY53, HvWRKY70-like, and two AP2-type tran-
scription factors were upregulated in old versus young
roots but not expressed in leaves (Supplemental Table
S12). Based on changes in the GO term “response to
oxidative stress” at 46 dag (Fig. 8B), we inspected genes
belonging to this GO term and verified their deregula-
tion in the BRZ and to a weaker extent also in the
ARZ (Supplemental Fig. S6, A and B; Supplemental
Tables S13 and S14). Representative for this group,
the catalase-encoding genes HvCAT2 and HvCAT3

were found to be upregulated with progressing root
age (Supplemental Fig. S6,C andD),which is reminiscent
to the induction of catalase genes in senescing Ara-
bidopsis leaves (Zimmermann et al., 2006).

To further explore regulatory hubs for the tran-
scriptional changes observed at 32 dag, we performed
weighted gene coexpression network analysis (Zhang
and Horvath, 2005). Using a threshold value of 0.8
for Pearson’s correlation coefficient between two genes
yielded a total of 315 coexpressed genes (Supplemental
Table S15). Out of the top five hubs, i.e. genes withmost
edges, three genes showed no clear homology to genes
in other plant species and encoded proteins with un-
known function (Supplemental Fig. S7). One hub was
represented by a barley PREPHENATE DEHYDRA-
TASE1 gene, which encodes the enzyme catalyzing
prephenate to phenylpyruvate, the precursor of Phe
(Warpeha et al., 2006). This agrees with accumulating
Phe levels in aging roots (Fig. 4B). Another major hub
encoded a putative ortholog of ZAT6 (ZINC FINGER

Figure 7. Hormone profile and relative
expression of genes involved in ABA
metabolism with progressing plant
age. Concentrations of ABA (A and
B); transcript levels of barley 9-CIS-
EPOXYCAROTENOID DIOXYGEN-
ASE (HvNCED1 and HvNCED2; C and
D), and of ABSCISIC ACID 89-HY-
DROXYLASE (HvABA89OH-1, HvA-
BA89OH-2, and HvABA89OH-3; E and
F) in the apical (ARZ) and basal root
zone (BRZ) of plants sampled weekly
from 18 to 53 d after germination (dag).
Relative expression values of target
genes were normalized to transcript
levels of UBIQUITIN C (AY220735.1),
and values at 18 dag were set to 1. DW,
Dry weight. Triangles and bars repre-
sent means 6 SE. ns, not significant.
Different letters indicate significant
differences among means according to
Tukey’s test at P , 0.05 (n 5 5 inde-
pendent biological replicates).
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OF ARABIDOPSIS6), which functions there as repres-
sor of primary root growth (Devaiah et al., 2007) and
promotes melatonin-mediated cold tolerance (Shi and
Chan, 2014). These two examples may highlight the
importance of metabolites in the regulation of aging-
related processes in barley roots.

DISCUSSION

To date, aging-related studies in plant roots have
remained rare and restricted to describe changes in in-
dividual root properties over time, such as root
browning, the decrease in nutrient uptake rate, or the
degeneration of individual cell layers (Eissenstat
et al., 2000; Bingham, 2007; Schneider and Lynch,
2018). It has thus remained unclear whether and to
what extent these processes are biologically linked.
We examined metabolite, nutrient, and phytohor-
mone levels simultaneously with structural changes
of the root tissue and employed transcriptome pro-
filing to uncover genes underlying the regulation of
aging in seminal roots of barley. This study shows
that age-dependent changes in several morphologi-
cal, physiological, and molecular traits constitute a
temporal sequence in the regulation of transcriptional
and metabolic processes and are part of a concerted
developmental program.

The Intrinsic Regulation of Seminal Root Senescence

We first tested the hypothesis of whether roots un-
dergo organ senescence by examining in roots processes
that are typical for leaf senescence: Leaf senescence is
marked by chlorosis, disintegration of mesophyll cells,
and declining integrity of plasma membranes (Dhindsa
et al., 1982; Lim et al., 2007). Related processes were
observed in roots. From 39 dag on, epidermal cells in
the BRZ became leaky and subsequently epidermal and
cortical cells began to disintegrate (Fig. 2). This process,
which partly refers to root cortical senescence (Liljeroth,
1995; Bingham, 2007), expandedwith progressing plant
age along the seminal root axis toward the tip and went
along with root browning and declining nitrate uptake
activity (Figs. 2 and 3A; Supplemental Fig. S1). Al-
though the expression of nitrate transporters strongly
depends on photoassimilate supply from shoots (Lejay
et al., 2003), sugar concentrations in roots remained
constant (Fig. 3B) and unrelated to the progression of
leaf chlorosis (Fig. 1A), indicating that, at least under
our growth conditions, the onset of degeneration pro-
cesses in roots was not under direct control of the shoot.
Such a view agrees with leaf pruning experiments,
which reduced sugar delivery to roots but did not affect
the progression of root cortical senescence in wheat or
of root browning in grape (Lascaris and Deacon, 1991;
Comas et al., 2000). So far, root browning has been
widely used as a phenotypical trait to describe the
transition of a physiologically active to a senescing
root, because, e.g. root browning correlates with the

Figure 8. Variation in transcriptomes and enrichment of gene ontology
(GO) terms in genes expressed in the apical and basal root zone during
seminal root aging. A, Principal component analysis (PCA) plot of 36
barley transcriptome datasets. B, Heat map of enriched GO terms in the
apical and basal root zones (ARZ and BRZ, respectively) at each time
point. Each data point in the PCA plot represents the transcriptome of
either ARZ or BRZ samples at one of the six time points. ARZ tissues are
marked with a circle and BRZ tissues with a square. Color corresponds
to six different time points. In the GO term heat map, colors indicate
2log10 transformed P values of each term. The complete list of enriched
GO terms (Supplemental Tables S1–S5) was further filtered by two cri-
teria to display the GO term heat map: (1) GO terms that are terminal
nodes in the GO hierarchy in at least one time point of either ARZ or
BRZ, and (2) the enriched GO term must be significant (P value, 0.05)
in at least two out of 10 tissue-specific time points; dag, days after
germination. GO:0006355, regulation of transcription, DNA-templated;
GO:0007205, protein kinase C-activating G-protein coupled recep-
tor signaling pathway; GO:0006468, protein phosphorylation;
GO:0016567, protein ubiquitination. GO:0006558, L-Phe meta-
bolic process; GO:0006559, L-Phe catabolic process; GO:0055114,
oxidation-reduction process; GO:0006979, response to oxidative
stress; GO:0006556, S-adenosyl-Met biosynthetic process. ARZ,
Apical root zone; BRZ, basal root zone.
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reduction of nutrient uptake and root respiration (Baldi
et al., 2010). To date, there is no solid experimental data
to demonstrate which metabolites are responsible for
the brown color. Moreover, the study by Kosslak et al.
(1997) has shown that root browning is linked with cell
death and suppressed in a soybean mutant, while the

underlying gene has not yet been identified. More-
over, at 39 dag, root tips degraded and overall semi-
nal root elongation arrested (Figs. 1B and 2). Such early
degeneration of the apical root tissue was unexpected,
because growth conditions were still favorable for
root development, as demonstrated by the continued

Figure 9. Relative expression of NAC-, WRKY-,
and AP2-type transcription factors with progress-
ing plant age. Heat maps of NAC-type (A and B),
WRKY-type (C and D), and AP2-type (E and F)
transcription factors in apical and basal root zones
(ARZ, BRZ, respectively) of plants sampledweekly
from 18 to 53 d after germination (dag). G to J,
Relative transcript levels of HvNAC003 (G and H)
and HvNAC005, and HvNAM1 and HvNAM2 (I
and J), as determined by quantitative PCR. For heat
maps, transcript levels at 18 dag were taken as
references for later time points, and relative dif-
ferences were log2-transformed (log2FC) and dis-
played along a color scale. Relative expression
values of target genes were normalized to tran-
script levels of UBIQUITIN C (AY220735.1), and
values at 18 dag were set to 1. Bars represent
means 6 SE. Different letters indicate significant
differences among means according to Tukey’s
test at P , 0.05 (n 5 5 independent biological
replicates).
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increase in nodal root biomass (Fig. 1C). Hence,
we conclude that these age-dependent degeneration
processes are subject to intrinsic regulation by the
seminal roots themselves and reflect organ-specific
senescence.
Senescence processes in leaves proceed with plant

age and tissue age (Zentgraf et al., 2004; Bohner et al.,
2015). To dissect the impact of plant or tissue age on the
regulation of root senescence, we subjected apical and
basal root segments separately to phytohormone anal-
ysis. In contrast to basal root segments that integrate
over plant and tissue age, all sampled apical segments
were newly formed and of similar tissue age. In both
root segments, changes in phytohormone concentra-
tions went in parallel, in particular at 39 dagwhen ABA
peaked and auxin and CK levels decreased sharply
(Figs. 6 and 7). Since this time point of phytohormone
transitions coincided with the decline in root activity
and tissue integrity (Figs. 2 and 3A), we assume that
peaking ABA and the drop in auxin and CK levels
triggered the progression of morphological and physi-
ological degeneration. In contrast to its regulatory role
in leaf senescence (Morris et al., 2000), SA appeared
unrelated to this hormonal transition point in roots as it
increased gradually with plant age (Fig. 6, E and F).
Considering further that apical root segments reflected
the same symptoms of tissue degeneration despite their
younger and relatively constant tissue age (Fig. 2), we
concluded that plant age rather than tissue age had a
dominant impact on the regulation of senescence-related
processes in seminal roots.

Distinct and Common Features of Root versus
Leaf Senescence

The major physiological purpose of leaf senescence
is the recycling of nutrients. In leaves, nutrient remo-
bilization is most pronounced for N and starts with the
degradation of proteins, going along with decreasing
concentrations of soluble proteins, amino acids, and
total N, while less abundant amino acids and amines
accumulate (Diaz et al., 2008; Kang et al., 2009; Bohner
et al., 2015). Preceding is a marked increase in autoph-
agy and in the expression of vacuolar Cys proteases
(Martínez et al., 2007; Parrott et al., 2010), both critical
factors for N remobilization (Avila-Ospina et al., 2014;
Li et al., 2015). In roots, however, neither soluble pro-
tein nor total N concentrations showed a marked de-
crease (Figs. 4A and 5A). This may be related to the fact
that roots lack highly abundant proteins like Rubisco
that represent a major reservoir of protein-bound N
undergoing massive degradation during senescence
(Yoshida, 2003). In the barley plants examined here,
roots remained continuously supplied with all mineral
elements through continuous exchange of the nutrient
solution, which may have suppressed nutrient retrans-
location processes. Lacking up-regulation of autophagy-
related genes in the root transcriptome supported
this notion. Considering further that root contents of

nutrients, except K, did not decline significantly toward
final harvest (Fig. 5; Supplemental Fig. S3), it is obvious
that nutrient retranslocation out of roots was quantita-
tively negligible or did not take place here.
With decreasing amino acid levels, barley roots also

underwent profound changes in amino acid composi-
tion with progressing root age, most remarkably at 46
and 53 dag (Fig. 4B). A pronounced increase of Trp
went along with enhanced concentrations of trypta-
mine and serotonin (Fig. 4C). In rice, serotonin syn-
thesis increases in senescing rice leaves and, if further
increased by overexpression of Trp decarboxylase, se-
rotonin is able to attenuate leaf senescence, probably
because of its antioxidant activity (Kang et al., 2009).
Further evidence for raising oxidative stress arose from
a massive deregulation of genes involved in oxidation-
reduction reactions or in responses to oxidative stress
(Fig. 8B). Among the latter were two members of the
catalase family (Supplemental Fig. S6), which are in-
duced typically by their substrate H2O2 (Xing et al.,
2007). With the decay of H2O2, the corresponding en-
zymes contribute not only to the decrease of an early
intracellular senescence signal (Zimmermann et al., 2006)
but also to the detoxification of ROS. ROS accumulate
during late stages of leaf senescence and induce apo-
ptosis, which concludes the final phase of leaf senes-
cence (Zimmermann and Zentgraf, 2005). Despite a
weaker potential for ROS production in roots than in
leaves, most likely because of the absence of light-
induced ROS generation, this response of the root
transcriptome to progressing plant age is reminiscent
of ROS-mediated apoptosis in developmental leaf se-
nescence (Lim et al., 2007). Thus, an oxidative burst
may trigger also the decay of outer root cells and sem-
inal root tips (Fig. 2), thereby marking the final phase of
seminal root senescence in barley.
Global changes in the transcriptomes of the two root

segments were highly similar, as fourmajor gene clusters
displayed the same pattern of age-dependent changes in
gene expression (Supplemental Fig. S4). Besides clusters
with continuously up- and down-regulated genes, a re-
markably big cluster harbored genes being upregulated
at 32 dag in both segments. Among these genes were
prominent regulators of leaf senescence, such as NAC-,
WRKY-, and AP2-type transcription factors. Many of
these reached highest expression levels at 53 dag
(Fig. 9; Supplemental Tables S6–S11), indicating that
despite advanced degeneration of the cortex and epi-
dermis, roots were still under active transcriptional
control. Enhanced expression of genes like HvNAC005,
HvNAC003, HvNAM1, and HvNAM2 (Fig. 9), them-
selves or their close orthologs being proven transcrip-
tional regulators of leaf senescence (Uauy et al., 2006;
Distelfeld et al., 2014; Christiansen et al., 2016), im-
plies their involvement in transcriptional control of se-
nescence processes also in roots. In addition, roots
expressed a number of NAC-, WRKY-, and AP2-type
transcription factors, such as HvWRKY53 that show no
presence in young or senescing leaves (Supplemental
Table S12). Hence, we expect that several of these are
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involved in the onset of senescence-initiating processes
intrinsic to seminal roots.

A Chronological Sequence of Senescence Processes in
Barley Seminal Roots

Based on the present results, we propose as an early
regulatory event in the initiation of root senescence the
up-regulation NAC-, WRKY-, and AP2-type transcrip-
tion factors, such as HvNAC003 (Figs. 9 and 10). Their
up-regulation goes along with the expression of
HvSAG12/HvPAP17 and ofHvNCED1 andHvNCED2
that, with a delay in time, lead to an ABA peak (Fig. 7;
Supplemental Fig. S5). Such a temporal cascade is
highly reminiscent of the NAC-ABA-SAG regulatory
module that is induced by OsNAC2 in senescing rice
leaves (Mao et al., 2017). Overexpression of the tran-
scription factor OsNAC2, a homolog of HvNAC003,
accelerates the onset of leaf senescence by binding to
promoters of genes involved in chlorophyll degrada-
tion and in ABA biosynthesis (Christiansen et al., 2016;
Mao et al., 2017). Hormonal signaling by ABA may
additionally be involved in ceasing root elongation and
root activity, and subsequently, in the decrease of auxin
and CK levels (Figs. 1B, 3, and 6; Rowe et al., 2016). As
the ABA peak is simultaneously generated in the ARZ
and BRZ (Fig. 7), it is most likely under control of plant
age and may act as a physiological signal reinforcing
further senescence-related processes in roots (Fig. 10).
Such second-stage processes likely involve an oxidative
burst and related oxidative stress responses that pre-
dominatemetabolic activities in both root zones (Fig. 8B;
Supplemental Fig. S6). Oxidative stress may then accel-
erate the degradation of outer root cells and contribute to
the decay of root apices (Fig. 2). At current stage, the
above-described scenario provides only a crude frame
for the chronological sequence of senescence-related
processes in roots, as more frequent root sampling is
required to define senescence-related processes at

higher resolution. In contrast to previous studies assign-
ing age-dependent degenerative processes in roots to
sudden cell death (Kosslak et al., 1997; Schneider and
Lynch, 2018), the present work now allows adding roots
to those plant organs that undergo a senescence program.

CONCLUSION

Despite the importance of aging-related processes in
roots for root activity and longevity, previous studies
have described changes of individual root traits over
time, leaving it open whether roots are senescing. Here,
we have conducted in parallel morphological, physio-
logical, and molecular analyses in seminal roots of
barley, showing that with progressing plant age, roots
undergo a concerted sequence of metabolic and hor-
monal rearrangements that finally associate with tissue
deterioration. These changes are preceded by transcrip-
tional up- or down-regulation of specific transcription
factors, some of which are confirmed regulators of leaf
senescence while others appear root specific, indicating
that root aging follows an intrinsically regulated devel-
opmental program resembling organ senescence. The
identified associations between phytohormones, tran-
scription factors, and genes representing major hubs in
gene networks now pave the way for hypothesis testing
using gene editing, ideally by employing root-specific
promoters. Exploring the role of key metabolites and
regulatory factors governing root senescence and lon-
gevity promises to improve crop performance, especially
under premature senescence as induced by nutrient de-
ficiency or drought stress.

MATERIALS AND METHODS

Plant Culture and Sampling

Barley (Hordeum vulgare) seeds, cv Golden Promise, were germinated onwet
filter paper for 5 d at 4°C in the dark. Germinated seedlings were transferred to

Figure 10. Temporal sequence of morphological,
physiological, and molecular changes with pro-
gressing plant age. Following onset of chlorosis in
the first leaf at 25 d after germination (dag), 32 dag
is marked by enhanced expression of transcription
factors and genes involved in protein degradation
and ABA biosynthesis. At 39 dag, ABA concen-
trations increase and roots arrest elongation and
undergo browning and lesion of the cortex. At 46
dag, decreasing auxin and cytokinin concentra-
tions are accompanied by declining root activity,
rearrangements in amino acid metabolism and
serotonin formation, as well as altered expression
in oxidative stress-related genes.
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half-strength nutrient solution without Fe supply for 7 d in climate chamber
under short-day conditions at a 20°C/18°C and 10h/14h light-dark regime
and a light intensity of 250 mmol m22 sec21 at 70% humidity. Then, seedlings
were transferred to full nutrient solution, containing 2 mM Ca(NO3)2, 0.5 mM

K2SO4, 0.5 mM MgSO4, 0.1 mM KH2PO4, 0.1 mM KCl, 1 mM H3BO3, 0.5 mM

MnSO4, 0.5 mM ZnSO4, 0.2 mM CuSO4, 0.01 mM (NH4)6Mo7O24, and 0.1 mM Fe-
EDTA. With plant transfer to hydroponics, conditions were switched to long
days following a 20°C/18°C and 16h/8h light-dark regimewith a light intensity
of 250 mmol m22 sec21 at 70% humidity. The nutrient solution was replaced
every 3 to 4 d.

From 18 dag on, plants were sampled weekly, i.e. at 18, 25, 32, 39, 46, and 53
dag. Individual leaves of the main tiller were frozen in liquid nitrogen for
chlorophyll determination. The whole root system was first washed by 1 mM

CaSO4 for 1 min and briefly blotted by paper tissue before the whole seminal
root fraction and the nodal root fraction were harvested separately. In addition,
segments of the ARZ and the BRZ of seminal roots were sampled separately in
five biological replicates at each time point. Each biological replicate consisted
of root segments from 15 to 30 independent plants, depending on plant age. The
ARZwas defined as the root zone from root cap up to the lateral root branching
zone, i.e. when the first lateral root reached 1 mm length, while the BRZ con-
sisted of the remaining seminal root tissue after ARZ removal. Root samples
from the ARZ and BRZ were frozen in liquid nitrogen for transcriptome and
phytohormone analysis. For all other analyses, nonfractionated seminal root
samples were used. The experiment was conducted twice with similar results,
the results shown here represents the first experiment.

Analysis of Morphological Root Traits and Microscopy

Before weighing, seminal and nodal roots were dried at 65°C. Seminal root
length was measured using a ruler. Freshly sampled seminal root tips were
photographed under a VHX-5000 digital microscope (Keyence Neuisenburg).
Before cross sectioning, seminal roots were incubated in 0.25% (w/v) Evans
blue aqueous solution for 15 min at room temperature under vacuum. Stained
seminal roots were washed three times for 10 min with distilled water before
root segments of 0.5 cm length were collected 5 cm below the hypocotyl, 20 cm
below the hypocotyl, or at the position where the first lateral root had emerged
to a maximum length of 1 mm. All segments were embedded in 4% (w/v) agar,
sectioned by a vibratome (VT1000S, Zeiss) and photographed under a light
microscope (Axio Imager 2, Zeiss).

Physiological Analyses

Chlorophyll concentration was quantified as described (Porra et al., 1989).
Protein concentrations were determined by the 2-D Quant Kit (GE Healthcare).
Nitrate uptake rates were determined by incubating seminal roots for 20 min in
full nutrient solution containing 1 mM 15N-labeled KNO3, while nodal roots
remained in a separate pot containing full nutrient solution with nonlabeled
nitrate. Total nitrogen and 15Nwere quantified by an elemental analyzer (Euro-
EA, HEKAtech) coupled to isotope ratio mass spectrometry (Horizon, NU In-
struments). Other elements were analyzed as described in Lešková et al. (2017).

Soluble sugars and amino acids were determined according to Hajirezaei
et al. (2000) and Hilo et al. (2017). Extraction and analysis of Trp, tryptamine,
and serotonin was performed as described previously (Cao et al., 2006; Kang
et al., 2009). Phytohormones were extracted and quantified as described in
Eggert and von Wirén (2017).

Transcriptome Profiling and Quantitative PCR

Threebiological replicatesofbasal andapical root segments ateach timepoint
were subjected to RNA extraction using an RNeasy plant mini kit (Qiagen) with
on-column DNase treatment according to the manufacturer’s instructions.
cDNAwas prepared using random hexamer primers and SuperScript II reverse
transcriptase (Life Technologies) according to the manufacturer’s protocol.
RNA amplification, labeling, and hybridization to 60K Agilent custom-made
gene expression microarrays (design available at EMBL-EBI ArrayExpress,
accession no. A-MTAB-530) were conducted as described (Koppolu et al., 2013).
Analysis of microarray data were performedwith the R package limma (Ritchie
et al., 2015). Raw feature intensities were background corrected using “nor-
mexp,” and the “quantile” normalization method was used to normalize be-
tween arrays. Differential expression was determined by fitting a linear model
to log2-transformed data by an empirical Bayes method (Smyth, 2004). The

Benjamini-Hochberg method was used to correct for multiple testing. By
mapping the microarray probe IDs to the functional description of the barley
reference sequence v 1.0 (Beier et al., 2017; Mascher et al., 2017), the microarray
gene annotation was adjusted to include GO terms. We computed enrichment
analysis applying Fisher’s exact test and reduced the results to GO terms in the
category “biological process”when these passed Benjamini-Hochberg multiple
hypothesis correction (P # 0.05). Corresponding results were visualized using
the R package GOplot (Walter et al., 2015). Tissue-specific expression of genes
was verified using the barley transcriptome atlas (https://webblast.ipk-gatersleben.
de/barley_ibsc/) with a false discovery rate , 0.05 at 32 dag and a log2 fold-
change . j2j.

The cDNA samples for real-time PCR were prepared in the same way as for
microarray analysis. Real-time PCR was conducted by using a Mastercycler ep
realplex (Eppendorf) and QuantiTect SYBR Green qPCRmix (QIAGEN). Gene-
specific primers are listed in Supplemental Table S16. Primer specificity was
confirmed by analysis of melting curves. Relative expression levels were cal-
culated according to Pfaffl (2001).

Statistical Analysis

All statistics were performed using SigmaPlot 11.0. Mean values were
compared by one-way ANOVA (P , 0.05) followed by Tukey’s post-hoc
multiple comparisons test, as indicated in the legends of each figure.

Accession Numbers

The transcriptomedataset is stored in thePGP-Repository (Arend et al., 2016)
and can be accessed at e!DAL (http://dx.doi.org/10.5447/IPK/2019/15).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Phenotype of shoots and seminal and nodal roots
with progressing plant age.

Supplemental Figure S2. Developmental stages of the apical shoot meri-
stem with progressing plant age.

Supplemental Figure S3. Plant-age-dependent profiles of macro- and
micronutrient concentrations and contents in seminal roots.

Supplemental Figure S4. Clustering of significantly altered genes in the
BRZ and ARZ of seminal roots with progressing plant age.

Supplemental Figure S5. Relative transcript levels of HvPAP15 and
HvPAP17 with progressing plant age.

Supplemental Figure S6. Relative expression of oxidative stress-related
genes with progressing plant age.

Supplemental Figure S7. Coexpression network of differentially expressed
genes in the ARZ at 32 dag.

Supplemental Table S1. Overrepresented GO terms in the ARZ and BRZ
at 25 dag.

Supplemental Table S2. Overrepresented GO terms in the ARZ and BRZ
at 32 dag.

Supplemental Table S3. Overrepresented GO terms in the ARZ and BRZ
at 39 dag.

Supplemental Table S4. Overrepresented GO terms in the ARZ and BRZ
at 46 dag.

Supplemental Table S5. Overrepresented GO terms in the ARZ and BRZ
at 53 dag.

Supplemental Table S6. Relative expression of significantly altered NAC
transcription factors in the ARZ during seminal root aging.

Supplemental Table S7. Relative expression of significantly altered NAC
transcription factors in the BRZ during seminal root aging.

Supplemental Table S8. Relative expression of significantly altered WRKY
transcription factors in the ARZ during seminal root aging.
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Supplemental Table S9. Relative expression of significantly altered WRKY
transcription factors in the BRZ during seminal root aging.

Supplemental Table S10. Relative expression of significantly altered AP2
transcription factors in the ARZ during seminal root aging.

Supplemental Table S11. Relative expression of significantly altered AP2
transcription factors in the BRZ during seminal root aging.

Supplemental Table S12. Root- or leaf-specific expression of transcription
factors.

Supplemental Table S13. Relative transcript levels of oxidative stress-
related genes significantly altered in the ARZ during seminal root aging.

Supplemental Table S14. Relative transcript levels of oxidative stress-
related genes significantly altered in the BRZ during seminal root aging.
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