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Plant hormones, cytokinins (CKs), have been for a long time considered to be involved in plant responses to stress. However,
their exact roles in processes linked to stress signalization and acclimatization to adverse environmental conditions are
unknown. In this study, expression profiles of the entire gene families of CK biosynthetic and degradation genes in maize (Zea
mays) during development and stress responses are described. Transcript abundance of particular genes is discussed in relation
to the levels of different CK metabolites. Salt and osmotic stresses induce expression of some CK biosynthetic genes in
seedlings of maize, leading to a moderate increase of active forms of CKs lasting several days during acclimatization to stress.
A direct effect of CKs to mediate activation of stress responses does not seem to be possible due to the slow changes in
metabolite levels. However, expression of genes involved in cytokinin signal transduction is uniformly down-regulated within
0.5 h of stress induction by an unknown mechanism. cis-Zeatin and its derivatives were found to be the most abundant CKs in
young maize seedlings. We demonstrate that levels of this zeatin isomer are significantly enhanced during early stress response
and that it originates independently from de novo biosynthesis in stressed tissues, possibly by elevated specific RNA
degradation. By enhancing their CK levels, plants could perhaps undergo a reduction of growth rates maintained by abscisic
acid accumulation in stressed tissues. A second role for cytokinin receptors in sensing turgor response is hypothesized besides

their documented function in CK signaling.

Abiotic stresses, especially drought and soil salinity,
are among the major limiting factors of plant growth
and production in the environment. Activation of
signaling pathways as a consequence of acquiring
tolerance toward stress leads to rapid responses such
as stomata closure or long-term changes in metabo-
lism, growth, and development. Modification of gene
expression profiles induced by stress response signal
transduction can be mediated by phytohormones.
Rapid elevation of abscisic acid (ABA) concentration
in plant tissues exposed to water deficit is well docu-
mented (for review, see Schachtman and Goodger,
2008). ABA in particular reduces transpiration rates
and activates at least two downstream signal trans-
duction pathways involving MYB-like and MYC-like
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transcription factors (Abe et al, 2003). A recent
microarray analysis of Arabidopsis cytokinin (CK)
receptor mutants clearly showed that CK-mediated
signaling can also be involved in stress responses.
Knockout lines of two out of three CK receptors
were strongly tolerant of drought and salt stress due
to up-regulation of many stress-inducible genes
(Tran et al.,, 2007). Alteration in the CK content in
plants exposed to various stresses has been fre-
quently reported. For instance, trans-zeatin (tZ) and
trans-zeatin riboside (tZR) contents decreased rap-
idly in the elongation zone of barley (Hordeum
vulgare) leaves within several minutes after salinity
stress induction. However, concentrations of both CK
types increased in the nonelongated part of the leaf
blade, indicating a possible reduction of cell division
and CK translocation (Fricke et al., 2006). A signif-
icant long-term decrease of active isoprenoid CK
content was observed in barley roots and shoots after
exposure to a higher concentration of NaCl (Kuiper
et al.,, 1990). It was assumed that the water-deficit-
induced CK deprivation in leaves is mainly attrib-
uted to decelerated transport of root-borne CK via
xylem (Davies and Zhang, 1991). Comprehensive CK
analysis in wild-type tobacco (Nicotiana tabacum)
leaves exposed to drought showed a gradual de-
crease in bioactive CK levels during stress progress
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accompanied by elevated activity of CK degradation
enzymes. Severe stress, however, led to the accumu-
lation of all CK forms in the roots (Havlova et al.,
2008).

Maize (Zea mays) is one of the most important crop
species used especially for direct human consumption
and animal feed, besides today being a significant
plant source for chemical feedstock. Together with
model plants Arabidopsis (Arabidopsis thaliana) and
rice (Oryza sativa), maize has been extensively studied
on the molecular level, and although the full genome
sequence has not been officially published yet, there is
enough information accessible in public databases (e.g.
The Institute for Genomic Research Maize Database;
Chan et al., 2006) to describe coherent gene families. In
the Arabidopsis genome, there are more than 50 genes
functionally studied that are directly involved in CK
signal transduction and metabolism. In 2004, three
genes coding for CK-responsive His kinases (CK re-
ceptors; HKs) were functionally described in maize
(Yonekura-Sakakibara et al.,, 2004). Surprisingly, in
contrast to known CK receptors from Arabidopsis,
all three receptors responded to cis-zeatin (cZ), which
had for a long time been considered to be inactive.
Genetic information about other signal transduction
pathway components, His-phosphotransfer proteins
and CK primary response regulators (RRs), is accessible
from previous works (Sakakibara et al., 1998, 1999;
Asakura et al.,, 2003). One out of 10 recently described
rice RR genes was shown to be up-regulated in seedlings
exposed to a high concentration of salt (Jain et al., 2006).

CKs are generated in plant tissues by two biosyn-
thetic pathways, de novo synthesis and isoprenylated
tRNA degradation. The bulk of isoprenoic CKs are
synthesized due to the activity of ATP/ADP isopente-
nyltransferases (IPTs), whereas the production of cZ in
plants seems to be attributed mostly to tRNA degra-
dation (Kasahara et al., 2004; Miyawaki et al., 2006).
Several putative ATP/ADP IPTs and one tRNA-IPT
gene were mined from a maize bacterial artificial
chromosome (BAC) clone library. One of them,
ZmIPT2, was recently proved functional and shown
to contribute to CK de novo biosynthesis during kernel
development (Brugiere et al., 2008). CK homeostasis in
plants is primarily maintained by different compart-
mentation of biosynthesis and degradation. While de
novo biosynthesis is mostly bound to plastids (Kasahara
et al, 2004), CK catabolic processes take place in
vacuoles and apoplast (Werner et al., 2003). The irre-
versible degradation of free CK bases and their deriv-
atives is catalyzed by CK oxidase/dehydrogenases
(CKXs), encoded as well by a small gene family.
Nevertheless, there is evidence for several maize
CKXs (Massonneau et al., 2004); only one member of
maize CKX enzymes, ZmCKX1, was studied in detail
in connection with plant stress responses (Brugiere
et al., 2003). Elevated levels of ZmCKX1 transcript
were observed in developing kernels during various
abiotic stresses. A positive effect on CKX expression in
detached leaves was also induced by ABA, which
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suggests a possible role of this stress hormone in
triggering CK degradation machinery.

The goal of this work was to clarify the role of CKs in
the responses of maize seedlings to water deficit and
salinity stress. The results provide (1) a comprehensive
characterization of gene families involved in CK bio-
synthesis and degradation in maize, (2) a detailed
characterization of the transcript abundance in differ-
ent tissues and organs and their changes following
stress treatment, and (3) together with the signaling
and response network characterization, support for
the concept of succession of gene expression changes
that fit the changes in enzyme activities and endoge-
nous contents of phytohormones.

RESULTS

Sequence Analysis of Genes Involved in CK Metabolism
and Perception

Homology searches were done by BLASTn soft-
ware on the maize genome sequencing project data-
base (http:/ /www.maizesequence.org/index.html) with
currently known sequences as templates (Massonneau
et al., 2004; Brugiere et al., 2008) and rice orthologous
sequences (Sakamoto et al., 2006; Hirose et al., 2007).
BAC clones in the database cover almost 95% of
information of the rough draft of the maize genome,
as was announced on December 2008. Matched se-
quences with E values = 2e” were checked for IPT
and CKX conserved motifs. Contig sequences showing
E values significantly below the threshold that con-
tained insertion or deletion in open reading frames
(ORFs) were excluded from the study. Eleven puta-
tive ORFs showing high similarity to 10 rice IPTs
(Sakamoto et al., 2006) were identified. Seven of them
are identical to maize IPT5 recently annotated (IPT1,
IPT2, and IPT4-IPT8; Brugiere et al., 2008); hence, the
numbering is kept due to the reference. The number-
ing, contig accession numbers to BAC libraries, loca-
tions of exons, as well as chromosome positions are
summarized in Supplemental Table S1. Two out of
four nonannotated sequences share high mutual ho-
mology (90.3%) and therefore were numbered as IPT3
and IPT3b. The third one shows the highest homology
to IPT6 (82.4%) and was numbered as IPT9. A putative
ortholog to a prokaryotic-origin {RNA-IPT gene
(IPT10) highly homologous to rice OsIPT10 and Arab-
idopsis IPT9 was found (Sakamoto et al., 2006) on
chromosome 6.

Two maize CKX genes were proved to encode
functional enzymes (CKX1 and CKX3; Houba-Hérin
et al., 1999; Morris et al., 1999; Massonneau et al.,
2004), and expression profiles of another three genes
were analyzed (CKX2, CKX4, and CKX5; Massonneau
et al, 2004). Data mining from the maize genome
database revealed another eight sequences showing
ORFs homologous to annotated CKX proteins. They
were numbered upwardly from CKX6 to CKX12 (Sup-
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plemental Table S1). The ORF found on chromosome 8
shares 93.4% homology to annotated CKX4 on chro-
mosome 3 and has been annotated as CKX4b. Positions
of additional close paralogs CKX2 and CKX3 (93.5%
homology) were found on the same chromosome
segments as CKX4 and CKX4b, respectively, indicating
a common ancestral origin of these genes and the
possibility that they segregated during the same du-
plication event. Patterns of recent chromosome dupli-
cation between maize chromosomes 3 and 8 have been
reported (Gaut, 2001). Similar duplicates have been
identified for gene pairs CKX7/CKX8 (94.2%) and
CKX11/CKX12 (91.2%). Recently, the subcellular lo-
calization to cytosol and enzymatic activity of CKX10
have been demonstrated (Smehilova et al., 2009). It
seems to be the sole maize CKX isoform missing any
signal peptide that contributes to CK depletion in the
cytosol. Amino acid alignments of all maize IPTs and
CKXs are presented in Supplemental Figures S1 and
52, and phylogenetic trees with rice and Arabidopsis
orthologs are shown in Supplemental Figures S3
and S4.

Concerning genes involved in CK perception and
primary response, the maize genome database screen-
ing confirmed loci for all annotated receptor and type
A response regulator genes (Sakakibara et al., 1999;
Asakura et al., 2003; Yonekura-Sakakibara et al., 2004).
Several single nucleotide polymorphisms were de-
tected among the annotated sequences and sequences
generated from genome sequencing projects, which
can be associated with different cultivars either used
by or caused by the inaccuracies in the sequencing
data. In the case of the RR3 gene, another locus on
chromosome 5 carrying an ORF for a closely homol-
ogous gene (83.9%) was found and marked as RR3b.
Primers for this response regulator were designed to
amplify targets from both sequences. Primers ampli-
fying HK1 were designed according to the annotated
sequence NM_001111389 (BAC clone AC195458.3;
chromosome 5). However, hybridization with the an-
notated sequence for receptor HK1a2 (NM_001112387;
AC185637.3), which has not been functionally tested,
is probable due to shared 92.4% homology. Only one
locus was found for the receptor HK3, the correspond-
ing transcript of which was previously shown to
be alternatively spliced (Yonekura-Sakakibara et al.,
2004). Two alternative versions of HK3 transcripts
were described as full-length and functional HK3a and
a nonfunctional version missing the third exon. Align-
ment of the genomic locus (BAC clone AC185417.3)
revealed that the third exon (449 bp) is flanked by at
least one large intron (third intron, 7,371 bp; sequence
of the second intron is interrupted by two not yet
arranged subcontigs). The size of the introns probably
led to a splicing mistake and exon skipping, resulting
in a folding of a nonfunctional receptor without the
input domain.

One primer pair was designed to sense the signal of
two genes encoding two very homologous cis-zeatin
O-glucosyltransferases (cZOGT; Veach et al., 2003). A
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9-cis-epoxycarotenoid dioxygenase seems to be the
key regulatory enzyme in ABA release from carote-
noid structures (Schwartz et al., 2003). The structure of
9-cis-epoxycarotenoid dioxygenase gene as well as its
responsiveness to abiotic stress were first described in
maize (Tan et al.,, 1997). The sequence of this gene
(VP14, viviparous phenotype; U95953) was used to
design a primer pair; however, the amplification was
very weak and unspecific. A BLAST search from the
Maize Genome Project revealed two homologous
ORFs to the VP14 sequence (homology 93.5% and
99.1%). Thus, new sets of primers were designed to
avoid all polymorphism, and the most efficient one
listed in Supplemental Table S1 was used in this study.
A similar approach was employed to design primers
for closely related galactinol synthase genes (GALS;
Zhao et al., 2004) and betaine aldehyde dehydrogenase
(BADH).

Expression Patterns of IPT and CKX Genes in Maize

To determine which of the biosynthetic and degra-
dation enzymes can be involved in stress responses,
the IPT and CKX transcript accumulation was
analyzed by real-time PCR using cDNA prepared
from 7-d-old roots and leaves as well as from various
tissues of mature plants along with developing and
germinating kernels. The analysis was complemented
by genes involved in the CK signal perception and
primary CK response described previously (Asakura
et al., 2003; Yonekura-Sakakibara et al., 2004).

The absolute transcript levels of all studied genes
are summarized in Table I. Values for genes whose
transcript level was less than one copy per nanogram
of isolated total RNA are not listed, due to the possi-
bility of being unreliable. Concerning IPT genes, two
genes for maize tRNA-IPT (IPT1 and IPT10) were
highly abundant and constitutively expressed in all
tested organs. Other IPT transcripts showed spatial
and temporal patterns of expression. Expression of
IPT2 is solely bound to developing kernels, as recently
published by Brugiere et al. (2008). IPT5 is relatively
highly present in all vegetative tissues, especially in
roots and tassels. Transcripts of IPT4, IPT6, IPT7, and
IPT9 were also detected together with IPT5 in roots, and
these five IPT enzymes probably mainly contribute to
the CK pool rising in the root during maize growth. In
leaves, the total adenylate IPT transcript level is almost
1 order of magnitude lower than in roots, and in
addition to IPT5, only IPTS and IPT9 transcripts were
determined above the defined threshold.

The transcript levels of CKX genes seem to be no
higher than of those encoding IPTs. The only cytosolic
CK degradation enzyme, CKX10, is relatively highly
expressed in all tissues with the exception of endo-
sperm. Other CKXs probably have a redundant role or
can be expressed in specialized types of cells in dif-
ferent tissues; hence, it is visible from their low pres-
ence in all materials tested (e.g. CKX7 or CKX9). There
are paralogs predominantly bound to reproductive
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organs (i.e. CKX4 and CKX5). Among the CKX genes
that most likely contribute to the pool of CK degrada-
tion activity in tissues exposed to stress conditions are
CKX1, CKX6, and CKX8 expressed in young roots and
CKX3, CKX6, and CKX11 expressed in young leaves. In
the control plants, broad changes were observed in
transcript levels of several CKX genes between the first
and second weeks of plant development when stress
was applied. For example, approximately a 6-fold
increase in the copy number of CKX1 between 7 and
10 d of root development or a 3-fold decrease of CKX6
expression in the same tissue was seen. These kinds of
fluctuations were also observed in leaves (data not
shown). A dramatic increase of CKX2 and CKX4b
expression was detected in mature leaves and roots,
respectively. However, the level of all CKX tran-
scripts with the exception of cytosolic CKX10 was
negligible in coleoptile and radicle (2-d-old plantlet),
probably due to the demand for a high concentration
of active CKs in these rapidly developing tissues. The
above summarized data are in good accord with
previously reported expression profiles of CKX1 to
CKX5 (Massonneau et al., 2004) obtained by semi-
quantitative reverse transcription-PCR.

Changes in Expression Profiles during Stress Responses

Relative to expression of all CKXs, IPT was quanti-
fied by real-time reverse transcription-PCR in tissues
exposed to the two stresses or to an exogenous supply
of CK for 0.5 h (Fig. 1, A and C) or 3 d (Fig. 1, B and D).
Expression of HK and RR type-A genes was followed at
six time points from the initiation of the stress exper-
iment (Fig. 2). Since the expression of IPT and CKX
genes is generally low in plant tissues, transcripts of
most of them are hard to detect by any convenient
hybridization technique. Nevertheless, the changes in
expression of several RR type-A genes and the gene
responsible for glucosylation of cZ were followed by
northern-blot analysis. These data correspond well to
those obtained by quantitative PCR (qPCR) analysis
(Supplemental Fig. S5; Supplemental Methods S1).
Isoforms of the B-actin gene (accession no. U60508)
that was selected from two other actin genes and a
glyceraldehyde phosphate dehydrogenase gene as the
most constantly expressed ones in young leaves and
roots were used as references to normalize expression
levels among the tested samples.

Generally, CK treatment caused persistent down-
regulation of de novo adenylate IPT genes detectable
in whole plants 0.5 h after the treatment, whereas the
transcript levels of two genes contributing to tRNA-
linked CK biosynthesis did not seem to have altered.
On the other hand, the levels of CKX genes were up-
regulated; however, the extent of up-regulation that
was observed 3 d after the treatment differed in
intensity. For instance, CKX1 and CKX4b showed
extensive up-regulation, while other genes were reg-
ulated more moderately. Interestingly, CKX3, which is
strongly expressed in leaves, showed a significant

Plant Physiol. Vol. 151, 2009

Role of Cytokinins during Abiotic Stress

down-regulation after the CK treatment. As expected,
expression of all type A response regulators were
induced in the roots immediately after CK addition to
the nutrient solution and then was slightly reduced
after 24 h of treatment. However, expression was still
higher in comparison with untreated maize until the
end of the experiment. Similar up-regulation of RR
genes was observed in the leaves, with an approxi-
mately 0.5-h delay likely caused by transportation of
the CK signal to aerial part of the plant. The levels of
receptor transcripts were not significantly altered after
exogenous CK application.

Regulation of CK metabolic gene expression in
stressed tissues is not straightforward (Fig. 1). There
were only two IPT genes induced 0.5 h after osmotic
stress application in roots, while the expression of all
other genes tested was not immediately influenced in
leaves or in whole plant by salinity stress application.
The most abundant CKX gene in root tissue, CKX6,
and the CKX3 gene were down-regulated 0.5 h after
either stress induction. However, other less abundant
CKX genes were up-regulated. The situation in leaves
appeared likewise: CKX3, CKX6, and CKX11 were
slightly down-regulated, whereas the expression of
the other genes was not significantly changed. As well,
the transcript for the sole cytosolic CKX enzyme does
not seem to be regulated in fast response to stress.

Long-term actions of NaCl and water deficit in plant
tissues affect transcript levels of most CKX and IPT
genes. All abundant IPT genes are up-regulated to
some extent. While in leaves salinity causes signifi-
cantly increased expression levels of both de novo and
tRNA-linked synthesis genes, in roots a significant
enhancement of two major de novo synthesis gene
expressions, IPT5 and IPT6, was observed in osmoti-
cally stressed plants. Increase of CKX transcript level
was more evident in leaf tissues than in roots. Whereas
most of the genes were up-regulated in roots of salt-
stressed plants including CKX6, CKX8, and CKX10,
long-term osmotic stress preserved elevated expres-
sion of CKX6 and two less abundant genes, CKX3 and
CKX2. Interestingly, the transcript level of another
relatively abundant root gene, CKX1, was found in
stressed roots below the levels of control plants. Al-
though the gene is not highly expressed in leaves, its
significant up-regulation under stress conditions was
observed, indicating a possible tissue specificity of
CKX1 promoter activity to the stress response.

Regarding the genes encoding CK receptors, the
onset of stress application had no noticeable effect on
their regulation. During acclimatization, elevated
levels of receptor transcripts appeared only in the
leaves of maize seedlings grown under stress condi-
tions. The levels of all type A genes were jointly down-
regulated immediately after the stress induction in
whole plants. A further stress response slowly in-
creased RR type A levels back to normal or even above
the control levels. However, the profile of the up-
regulation was not uniform. One hour after the stress
treatment, levels of RR5 and RR6 transcripts rose

437



Vyroubalova et al.

A 20

15

1.0+

0.5+

0.0~

P
2,

12

Y
AT

\y

=

“H—

A\

—

Noo&h

[
h
==

A\
\!

E
u
A\

AN\

=

438

\c»o’\cr\cf

Figure 1. (Legend appears on following page.)

F & LSS

Plant Physiol. Vol. 151, 2009



above the control levels in roots exposed to high
salinity. On the other hand, expression of the most
abundant response regulator gene in maize seedlings,
RR7, was significantly down-regulated until the third
day of the plant acclimatization.

From a huge family of maize glucosyl transferases
and glucosidases, there are only three functionally
described enzymes participating in specific glycosyla-
tion and deglycosylation of CK molecules (Brzobohaty
et al., 1993; Veach et al., 2003). Two genes whose
products are responsible for O-glucosylation of cZ
derivatives seem to be regulated alternatively in dif-
ferent tissues. While ¢ZOGT transcripts in roots in-
crease in response to stress, their levels in leaves are
diminished. Thus, the gene for 8-glucosidase Zm-p60.1
(bGLU) encoding the enzyme that catalyzes the reverse
reaction shows an opposite expression profile. While
water deprivation enhanced its level in leaves, in roots
it was slightly down-regulated. As expected, the level
of pooled transcripts coding for VP14, the key enzyme
in ABA release, was exceedingly up-regulated imme-
diately after the stress application, and this level of
transcription was maintained for 3 d, particularly in
osmotically stressed tissues. The expression levels of
other genes (GALS and BADH) whose products are
probably involved in the production of the osmopro-
tective compounds galactinol and betaine were not
found to increase before the late stage of stress.

Changes in CKX Activity during Stress Responses

Efficiency of degradation of N’-isopentenyladeno-
sine (iPR) at physiological pH 6.0 and in the presence
of quinone electron acceptor was followed for a period
of 10 d after stress induction. CKX activity was
detected separately in root tissue and upper parts of
plants. Total activity was considerably higher in the
roots (5.45 pkat mg~' extracted proteins in 7 d-old
control plants) than in leaves (0.43 pkat mg™'). Al-
though the total activity during the stress experiment
fluctuated slightly, probably due to diurnal changes
(data not shown), generally a slight decrease was
observed each day of maize growth (3.75 and 0.28
pkatmg Lin roots and leaves, respectively, in 17-d-old
maize). Activation of CKX enzymes after exog-
enous CK application was previously well described
(Brugiere et al., 2003). The increase was detectable in
roots 0.5 h after CK addition to the nutrient solution
and within 1 h in the leaves (Fig. 3). Stress did not have
any immediate effect on CKX activity (within 1 h);
however, a significant decrease in the activity was

Role of Cytokinins during Abiotic Stress

observed in the root tissue 3 h after the application of
osmotic or salinity stress. During plant acclimatization
to the stress conditions, degradation efficiency gradu-
ally grew in the whole plant. A 3- to 4-fold increase
was detected in roots exposed to both stresses. In the
upper part of the plant, a significant enhancement of
CKX activity was detected only in the plants exposed
to high salinity, reaching an almost 6-fold increase on
the 10th d of acclimatization to stress (Fig. 3).

CK Content and Changes during Stress Responses

CK content was determined in leaves and roots
separately (Supplemental Figs. S6 and S7). All aro-
matic CKs as well as N7- and N3-glucosides present in
all tested tissue samples were under the limit of
detection (less then 0.05 pmol g~' dry weight), with
the exception of plants treated by benzyladenine (BAP;
Supplemental Fig. S8). Generally, cZ and its deriva-
tives were the most abundant types of CKs in the
maize seedlings, followed by tZ and N’-isopentenyla-
denine (iP) derivatives. Levels of dihydrozeatin deriv-
atives were markedly lower, with only N9-glucoside,
riboside-5'-monophosphate, O-glucoside, and ribo-
side O-glucoside detectable in roots. Free bases and
ribosides, which are considered to be the active
CKs (A-CKs), were less abundant than glucosidic
forms. ¢Z accumulated mainly as its O-glucoside,
whereas tZ and iP accumulated as N9-glucosides in
roots. Riboside-5'-monophosphates of all three CK
types, considered to be the nonactive biosynthetic
intermediates, were more abundant than active forms,
with the exception of tZR5'MP in leaves.

One-half hour after the induction of abiotic stress,
few changes in the content of active CKs were
observed (Fig. 4). Slight fluctuations among various
types of A-CKs appeared, but the total levels of A-CKs
in stressed leaves copied those in the control plants
still at 3 h after the stress induction. In stressed roots,
levels of A-CKs approximately doubled, mainly due to
accumulations of ¢Z and its riboside (cZR), whereas
concentrations of other less abundant A-CKs were
reduced within the same time interval. After 1 d under
the stress, the total level of A-CKs dropped back to
normal; however, a significant increase in the levels
of iP and tZ types was observed in roots. When
plants acclimatized to the stress conditions, the pool
of A-CKs remained elevated compared with control
plants, which was detectable in roots after the third
day of stress treatment. In leaves, there was a notice-
able decrease of ¢Z and its riboside 1 d after the stress
induction; however, as in roots, accumulation of tZ

Figure 1. Expression profiles of genes involved in CK metabolism and perception in maize leaves (A and B) and roots (C and D)
exposed to osmotic stress (dark gray bars), salinity stress (light gray bars), and exogenous BAP application (white bars). Total RNA
was isolated from tissues exposed to stress and CK stimuli for 0.5 h (A and C) or 72 h (B and D) from at least two independent
biological replicates. cDNA from each sample was obtained at least in two independent reactions and run in two separate PCRs.
The actin gene was used as an endogenous control, and untreated tissue samples were used as calibrators (black bars) in which
expression level was set to 1. Only genes with abundance above one copy per 1 ng of total isolated RNA are included.
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Figure 2. Expression profiles of genes involved in CK perception in maize leaves (A) and roots (B) exposed to osmotic stress (dark
gray bars), salinity stress (light gray bars), and exogenous BAP application (white bars). Total RNA was isolated from tissues
exposed to stress and CK stimuli at six time points from at least two independent biological replicates. cDNA from each sample
was obtained at least in two independent reactions and run in two separate PCRs. The actin gene was used as an endogenous
control, and untreated tissue samples were used as calibrators (black bars) in which expression level was set to 1. Only genes
with abundance above one copy per 1 ng of total isolated RNA are included.

and iP types, followed later by ¢Z and cZR increase,
was observed in the course of acclimatization. In the
roots, growth of A-CK content was similar or slightly
higher than in leaves after 3 d of salinity stress. A
higher pool of A-CKs was observed in leaves of
osmotically stressed plants.

A rapid elevation of ¢Z and its riboside in roots
occurred within 3 h of stress and was accompanied by a
2- to 3-fold increase of its riboside-5'-monophosphate
(cZR5'MP), which was observed in roots that were salt
stressed for 0.5 h. Furthermore, levels of N6—isopente—
nyladenosine-5’-monophosphate  (iPR5'MP) and
tZR5'MP in the stressed samples diminished after a
3-h interval but started to elevate quickly within the
first day of stress response. Thus, tZR5'MP level in
roots was 4- to 5-fold higher than the control after 72 h.
In leaves, iPR5'MP was similarly elevated in the same
time interval and tZR5'MP was below the detection
limit. Regarding the glucosides of isoprenoid CKs, the
levels in stressed tissues compared with control plants
started to distinctly rise after an extended period of
stress, with noticeable change on the third day in both
roots and leaves. Only cZ did not preferably accumu-
late in stressed roots as N- or O-glucoside (cZOG,
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cZROG, cZ9G). In the leaves of osmotically and salt-
stressed plants, however, increasing accumulation of
cZOG and ¢ZROG was observed on the third day of
plant acclimatization or later.

ABA and Its Metabolites in Stressed Tissues

As expected, levels of free ABA were elevated in
whole plants 30 min after stress application (Fig. 5). In
leaves, levels increased approximately 2-fold, while a
more robust 4-fold ABA accumulation was detected in
salt-stressed roots. Interestingly, free ABA accumula-
tion returned to control levels in salt-stressed plants 72
h after the stress treatment while being kept signifi-
cantly elevated in osmotically stressed plants. How-
ever, high levels of ABA catabolic products such as
phaseic acid and dihydrophaseic acid in salt stress
samples, which are biologically inactive, indicate
a massive degradation of released ABA within the
first 3 d. Free ABA level reduction back to the control
level is likely related to long-term acclimatization to
salt stress. On the other hand, levels of ABA glucosyl
ester (ABAGE) were constantly elevated in leaves
under both stress treatments. However, ABAGE con-

Plant Physiol. Vol. 151, 2009
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Figure 3. Changes in relative CKX activities during stress and CK
treatment. Total activity in control leaf and root tissues (0.5 h) was
determined as 0.43 and 5.45 pkat mg~', respectively, with iPR as
substrate under the conditions described in “Materials and Methods.”
Mean values from free replicate measurements are shown with sp.

centration was insignificant in roots. Neophaseic acid,
9'-OH-ABA, ABA alcohol, and ABA aldehyde were
below detection limits in all analyzed samples.
Exogenously applied 10 um BAP to unstressed
maize plants dramatically increased the concentration
of ABA and related compounds (Fig. 5). A massive
accumulation of free ABA and its degradation prod-
ucts was detected in leaves after 3 d of growing in a
nutrient solution with CK. The concentrations of ABA
and phaseic acid were even 2- and 10-fold higher,
respectively, compared with osmotically stressed tis-
sues. Increased levels of dihydrophaseic acid indicate
increased metabolism of ABA in roots, despite the fact
that the levels of ABA and its glucosyl ester were
comparable with the control plants. Hence, the accu-
mulation of ABA metabolites matches the observed
reduction in leaf size of plants exposed to an oversup-
ply of CK. The influence of exogenously applied CK on
ABA levels in plants was formerly tested only in the

Role of Cytokinins during Abiotic Stress

halophyte Mesembryanthemum crystallinum without
any positive correlation (Thomas et al., 1992). Never-
theless, those authors did not specify which parts of
the plant were used for analysis.

DISCUSSION

Molecular mechanisms regulating responses to abi-
otic stresses have been extensively studied during the
last decade. For instance, the essential role of mitogen-
activated protein and salt overly sensitive kinase
cascades and the function of transcription factors
containing ABA-responsive elements are undoubtedly
well established. CKs are an important signal traveling
from roots to the shoots in response to nutrient insuf-
ficiency (Takei et al, 2004); however, conclusions
concerning their role in drought, osmotic, and salinity
responses or signalization are derived from inferences
with no cause/effect data (Kuiper et al., 1990; Davies
and Zhang, 1991; Kudoyarova et al., 2007; Tran et al.,
2007). In this article, we, to our knowledge for the first
time, describe complete gene families of CK biosyn-
thetic and degradation genes in maize and regulation
of their expression in a short-term response to osmotic
and salinity stress as well as during the plant acclima-
tization to these adverse environmental stimuli. We
also present the expression of CK signaling compo-
nents with the aim to pursue all of the expression
profiles in the context of endogenous CK and ABA
levels and in particular the levels of the active forms.

Seedlings of 7-d-old maize were studied due to the
fact that CK metabolism and CK responsiveness in
young tissues begin extensively on the seventh day of
development. This is supported by relatively high
expression levels of many genes encoding biosynthetic
and degradation enzymes as well as CK signaling
components (Table I). During germination and the
early phase of seedling development, CKs are proba-
bly still supplied in the form of glucosides from the
kernel, as becomes evident from the massive expres-
sion of the B-glucosidase gene and the marginal ex-
pression of all IPT and CKX genes detected in 2-d-old
radicles and coleoptiles. On the other hand, in devel-
oping kernels, where the CK role in response to water
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Figure 4. Changes in active CK
content in maize leaves (A) and
roots (B) during responses to os-
motic (O) and salinity (S) stress
compared with untreated plants
(C). All values are derived from at
least two biological replicates that
were determined in at least two
technical replicates. Error bars
show the sums of sp values of all
represented CKs. Levels of A-CKs
not shown were under the detec-
tion limit of the method.
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stress was studied previously (Yang et al., 2001;
Brugiere et al., 2003), only specific genes for de novo
biosynthesis (IPT2), degradation (CKXI1 and CKX4),
and signal response (RR3) are active. Total content of
active CKs reaches a maximum in 1-week-old seed-
lings (Fig. 4) and later slowly declines as CKs are
converted to nonactive glycosylated forms. The ob-
served peak of active CKs in 7-d-old seedlings is
probably due to meristematic activity and rapid elon-
gation promoted by induction of de novo biosynthesis
and depletion of kernel-stored CK forms. Recently,
similar accumulations of active CK forms were ob-
served in 6-d-old pea (Pisum sativum) seedlings, while
in 9-d-old seedlings the levels started to decline (Stirk
et al., 2008).

Immediately after the stress induction, we did not
observe any significant decline or increase in CK
content, with the exception of cZR5'MP, as was previ-
ously demonstrated in several studies (Mustafina
et al., 1998; Fricke et al., 2006). A constant level of
active CKs 30 min after stress induction is in accor-
dance with unchanged activities of degradation en-
zymes. Nevertheless, expression of CK metabolic
genes is already influenced, especially in osmotically
stressed roots. Genes for two de novo IPTs (IPT6 and
IPT7) were up-regulated, while the main root-
expressed degradation gene, CKX6, was down-
regulated, resulting in an approximately 2-fold
decrease in CKX activity and accumulation of active
CKs in stressed roots during first 24 h of stress appli-
cation. A more pronounced positive effect of the stress
on CK biosynthesis was observed after 3 d, when also
the level of the most abundant transcript, IPT5, was
significantly elevated in whole seedlings. Regulation
mechanisms of the expression of CKX gene family
members are not uniform, as is evident from the
expression profiles under stress conditions and BAP
treatment. For instance, most CKX genes are signifi-
cantly up-regulated after exogenous application of
BAP (CKX1, CKX2, CKX4b); however, the expression
of CKX3 is approximately 10-fold less than the levels in
untreated tissue. Accordingly, two out of 11 rice CKX
genes were down-regulated 2 h after tZ application on
rice seedlings, whereas the others were up-regulated
(Hirose et al., 2007). Tissue-dependent variations in
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CKX gene regulation are apparent as well; whereas the
stress status induces CKX1 expression in leaves, it has
an opposite effect in roots. The direct effect of ABA on
the amount of CKX1 transcripts in maize leaves, as
was demonstrated by Brugiere et al. (2003), is not
likely in roots, where higher ABA levels stimulated by
stress do not induce CKX1 expression. On the other
hand, significant elevation of CKX1 transcripts was
observed later, 42 d after pollination, and could be
attributed to the accumulation of ABA in the desiccat-
ing kernels, as the total level of active CKs is distinc-
tively decreased in this stage of development
(Brugiere et al., 2003). No correlation is evident in
the leaves where ABA as well as CKX1 transcript
levels are kept high under long-term osmotic stress,
although in salt-exposed plants at the same moment
active ABA concentration returns to normal level but
CKX1 is still up-regulated. This suggests that no short-
term feedback mechanism exists to return CKX1 tran-
script level back to normal after induction by ABA.
Alternatively, degradation products of ABA, which are
still highly accumulated in salt-stressed tissues, might
to some extent keep ABA responsiveness, as was
demonstrated for 7'-OH-ABA in barley (Hill et al.,
1995). Hence, levels of free ABA correlate with growth
rates of acclimatized plants, while in NaCl-treated
seedlings, elongation growth is to some extent re-
stored and polyethylene glycol (PEG)-treated seed-
lings display significantly less elongation of leaves
within a 7-d period of stress action, probably due to
the permanent increase in free ABA level.

Levels of cZR5'MP were significantly increased in
roots exposed to a high NaCl concentration 0.5 h after
the application (Supplemental Fig. S7). A similar
increase was also observed later in osmotically
stressed roots. Dephosphorylation and deglycosyla-
tion of cZR5'MP resulted afterward in an increased
pool of cZ and its riboside in stressed plants detect-
able 3 h after application. Interestingly, the elevated
level of cZR5'MP is accompanied by a significant up-
regulation of a gene encoding cZ O-glucosyltransfer-
ase 0.5 h after the stress induction (Fig. 1C), resulting
in cZOG and cZROG accumulation detected after 3 h
in roots of both stressed samples. This indicates that
the expression of the enzyme is activated rapidly by

Plant Physiol. Vol. 151, 2009



its substrate or its precursor. Thus, O-glucosylation is a
mechanism by which the plant cell could react very
fast to the disturbed hormone homeostasis induced by
physiological stimuli. Since expression of IPT genes
was not initially up-regulated in salt-stressed samples,
the 3-fold elevated level of cZR5'MP well supports
previous studies where the origin of cZ-type CKs is
attributed to prenyl-tRNA degradation (for review, see
Sakakibara, 2006). Recently, a massive and rapid
endonucleolytic cleavage of different types of mature
tRNAs as well as rRNA has been observed in yeast
and Arabidopsis exposed to oxidative and some other
stresses (Thompson et al., 2008). Interestingly, en-
hanced tRNA cleavage does not significantly reduce
the pool of mature tRNAs in yeast exposed to hydro-
gen peroxide. Although the authors focused only on
specific fragmentation of tRNA within the anticodon
loop, prenylation of tRNA right at this tRNA structure
indicates that the described stress-induced fragmen-
tation may lead to a release of free modified nucleo-
tides from destabilized small RNA structures or they
may be released by postulated cytotoxic tRNAses
(Tomita et al., 2000). Processes connected with the
release of prenylated nucleotides from RNA molecules
could be linked to the specific cell compartments
called stress granules or RNA granules, which rapidly
form in all kinds of eukaryotic cells within 15 to 30 min
after various stress stimuli. Although the primary
function of these granules is thought to be the degra-
dation of specific mRNAs, the granules also contain
other enzymes linked to various forms of RNA decay
(for review, see Anderson and Kedersha, 2006). The
contribution of tRNA-released CKs to their pool in
stressed tissues is well demonstrated in earlier work
on NaCl-stressed maize (Atanassova et al., 1997).
Hydrolyzed RNA from long-term stressed samples
contained more CK bases than the control. In accor-
dance, the expression of both tRNA-IPTs was elevated
72 h after stress induction; however, these genes seem
to be more or less constitutively expressed during
maize development. Nevertheless, further research
needs to be done (e.g. stress responses of tRNA-IPT
mutants) to confirm such a rapid release of modified
nucleotides from degraded RNA. The dynamics of
stress-induced CK changes needs to be viewed also
from the point of cellular compartmentation. As the
only known CK receptors are situated on the cytoplas-
mic membrane (Kim et al., 2006), the efflux rates of CKs
out of the cell that were not characterized so far might
be the limiting factor of CK-mediated transduction.
From our study, it is evident that stress response
followed by acclimatization caused CK imbalance by
increased rates of metabolism. Up-regulation of the
majority of CKX genes leads to higher CK degradation
activities in plants acclimatized to osmotic and salinity
stress. Nevertheless, the enhanced catabolism is ac-
companied by similarly accelerated de novo bio-
synthesis and, most likely together with CK release
from RNA and other CK-linked metabolism, such as
B-glucosidase activity in leaves, contributes to moder-
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ate accumulation of active CKs in stressed plants.
Apparent CK accumulation in 72-h stressed roots is
subsequently transposed to the upper part of plants,
being promoted by increased root levels of either tZR
or O-glucosides, which are thought to be a transport
form of CKs (Bano et al., 1993; Hansen and Dorffling,
2003). Root-to-shoot trafficking of CKs could also
explain certain discrepancies in this study regarding
a later increase in cZOG in stressed leaves that contrast
with down-regulation of cZOGT and up-regulation of
bGLU genes. Thus, the supply of this form from roots
is most likely. Hence, it is premature to discuss all
changes in expression profiles, since almost nothing is
known about substrate specificities and turnover rates
of determined gene products. For instance, our recent
work clearly shows that diverse Arabidopsis isoforms
of CKX significantly differ in their preference for cZ
and tZ isoforms (Pertry et al., 2009) and that the
degradation of differently glycosylated CKs is pH
dependent (Galuszka et al, 2007). Alkalinization
of xylem sap and apoplast observed under water-
deficient conditions (for review, see Schachtman and
Goodger, 2008) might therefore induce significant
changes in CKX substrate preferences. It will be a
question in subsequent studies to describe substrate
specificities and cellular compartmentation of maize
CKX and IPT enzymes. As visible from the phylo-
grams (Supplemental Figs. S3 and S4), maize proteins
cluster independently of Arabidopsis orthologs. Thus,
CK homeostasis in cereal plants can be functionally
diverse based on details emerging from the study of
the dicot model Arabidopsis (Galuszka et al., 2007).

In the early phase of stress treatment, when plants
were apparently wilted, expression of all CK response
regulator genes was markedly down-regulated (Fig.
2), although the levels of active CKs were not altered.
Complementation studies with Arabidopsis CK recep-
tors previously showed that variations in osmotic
pressure can involve changes in the activity of these
receptors and subsequent regulation of downstream
phosphorylation in yeast in the presence of CKs
(Reiser et al., 2003). However, it is not clear whether
the reduction in CK sensitivity is directly caused by
double antagonistic responsiveness of CK receptors to
CK molecules and turgor changes or the CK signaling
transduction is affected by other relative turgor recep-
tors and/or signaling pathways. Recently, the antag-
onistic function of CK receptors and another related
His kinase (AHK1) in abiotic stress signaling has been
demonstrated by studying gain- and loss-of function
mutants in Arabidopsis (Tran et al., 2007).

The dynamics of RR gene expression observed
within the first day of stress action could contribute
not only to increased turgor sensing but also to fluc-
tuation of specific CK forms. Active cZ forms reached
3-fold higher levels in 3-h stressed roots than in the
control. The primary increase in cZR5'MP detected in
salt-stressed roots is accompanied by RR1 transcript
elevation followed by RR5 and RR6 expression in-
crease detected at 1 and 3 h after the stress application,
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respectively, while the other RR genes, especially RR4
and RR7, are still expressed below the control level.
Transcript levels of these response regulators de-
creased as the levels of ¢Z types declined 24 h after
the stress application. At the same time point, how-
ever, expression of most RR genes in the leaves
returned to control levels or started to be slightly up-
regulated, despite the fact that the levels of cZ types
dropped 2-fold. Such an enhancement can be attrib-
uted to the increase of iP and the lower amount of tZ in
the stressed leaves. Thus, the responsiveness of the CK
transduction pathway in maize seems to be uniformly
influenced by the changes in turgor as well as specif-
ically (at least to some extent) by different types of CKs.

Generating data from full-genome transcriptional
profile screening exploiting Affymetrix chips is easy
via Genevestigator software. Although there are no
accessible results from experiments done on Affyme-
trix maize genome array so far, data from 166 Affyme-
trix Rice Genome arrays, including several providing
expression information from abiotic stress treatments,
were recently released (Zimmermann et al., 2008).
Since there is a high degree of genetic synteny between
maize and rice genomes, we were able to unambigu-
ously locate nearly identical rice homologs to almost
all studied genes from maize (Supplemental Figs. S3
and S4). Beyond sequence similarity, transcripts of
these orthologs demonstrate comparable levels of
abundance. Expression profiles of all CK-related genes
from the experiment where 7-d-old rice seedlings were
exposed for 3 h to drought and salinity stress induced
by 200 mm NaCl (Jain et al., 2007) are summarized in
Supplemental Table S2. Interestingly, changes in the
expression of CK metabolic and perception genes in
stressed rice are closely comparable to those we de-
scribed in maize 0.5 h after stress induction. Thus, all
genes for type A response regulators were down-
regulated 3 h after salinity stress application and
almost all when seedlings were dried. Transcripts of
rice CKX genes, showing highest homology to
ZmCKX3 and ZmCKX6, generally the most abundant
maize seedling orthologs, were as well significantly
below control levels in both stress samples. These
CKXs probably contribute to the decrease in CKX
activity observed 3 h after stress application in maize.
Concerning the genes for de novo IPTs, two of them
showing highest signals on the chip were slightly up-
regulated. This documented agreement in expression
profiling between our results obtained from maize and
published rice microarray data demonstrates that ini-
tial fluctuation and later accumulation of CKs induced
by stress stimuli found here in maize seedlings can be
a general response to abiotic stress at least in crop
plants from the Poaceae family.

In conclusion, we demonstrated that CKs do not
have a direct function in stress signaling similar to
ABA due to a slow response of metabolic genes to
stress induction. Thus, CK levels start to significantly
alter in comparison with unstressed tissues as late as
several hours after stress action, with significant accu-
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mulation after plant acclimatization to the adverse
conditions. Therefore, restriction of growth rate under
abiotic stress does not seem to be caused by the limited
amount of active CKs due to accelerated degradation,
as was assumed previously. On the other hand, at least
in stressed maize seedlings, reduction of growth is
linked only to the level of active ABA, which directly
regulates stress responses and can have an impact on
ethylene production that was shown to have a direct
negative effect on shoot growth as well (for review, see
Sharp and LeNoble, 2002). Hereafter, accumulation of
active CKs among other processes is just the way
plants try to overcome stress status and release them-
selves from growth inhibition. Hence, crop plants with
enhanced endogenous levels of active CKs, engineered
for instance by knockout of particular CKX genes, can
be tested in the future as new transgenic cultivars with
increased drought and salinity tolerance.

MATERIALS AND METHODS
Plant Material

Maize seeds (Zea mays ‘Cellux’; Morseva) were imbibed in tap water and
germinated in the dark on wetted filter paper. After 2 d, the germinated
seedlings were transferred to aerated hydroponic tanks filled with Hoagland
nutrient solution. The plants were grown in a growth chamber with a 16-h
light period (250 uE m~2s™") at 27°C and an 8-h dark period at 20°C. During
1 week of growth, the nutrient solution was exchanged two times and finally
supplied with 175 mm NaCl and 25 mm CaCl,, 20% PEG 6000, or 10 um BAP.
Concentrations of salt and PEG were set up to be osmotically equivalent to
cause a similar decline in leaf water potential (Ueda et al., 2003). PEG lowers
the osmotic potential of the external medium and reduces water availability
for root tissues, unlike NaCl, which crosses plant membranes and has a direct
toxic effect on plant cells. Calcium chloride was added to the NaCl solution to
eliminate severe sodium-induced calcium deficiency, which leads to extensive
membrane destabilization and appeared to be more limiting to shoot growth
than Na toxicity per se (Grieve and Fujiyama, 1987). Stress treatment was set
up 3 h after turning on the light. Root and leaf tissues of 10 plants were
harvested at0.5, 1, 3, 8, 24, 72, and 240 h after the stress induction, immediately
frozen in liquid nitrogen, and lyophilized for hormone analysis. Control
plants were grown in parallel and harvested at the same time points to
exclude hormonal variation due to circadian rhythms. The experiment was
carried out in three period-independent replicates, and the plant material
from each replicate collected at each time point was processed separately with
the exception of 0.5-h time point collection, which was run in four replicates.
CK content at each time point was statistically evaluated from three biological
replicates, where each replicate sample was measured twice. Changes in
expression levels were determined from two biological replicates each done at
least in four technical replicates with the exception of 0.5-h time point, which
was done in four biological replicates.

Tissues for screening IPT and CKX expression profiles were collected from
maize plants grown in a greenhouse during summer.

CKX Activity Assay

Plant material was powdered with liquid nitrogen using a hand mortar and
pestle and extracted with a 2-fold excess (v/w) of 0.2 M Tris /HCl buffer, pH 8.0,
containing 1 mm phenylmethylsulfonyl fluoride and 0.3% Triton X-100. Cell
debris was removed by centrifugation at 12,000¢ for 10 min.

The assay was performed according to the method described previously
(Frébort et al., 2002). Samples were incubated in a reaction mixture composed
of 100 mm Mcllvaine buffer, pH 6.0, 0.5 mm electron acceptor 2,3-dimethoxy-
5-methyl-1,4-benzoquinone, and 0.25 mum substrate iPR for 2 to 10 h at 37°C.
For determination of specific activities, protein contents in the samples
were assayed according to Bradford (1976) with bovine serum albumin as a
standard.
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qPCR Analysis

Total RNA for reverse transcription was isolated using the RNAqueous kit
and Plant RNA Isolation Aid solutions (Ambion). To minimize bias in qPCR
data, isolated RNA was treated twice by Ambion’s TURBO DNase-free kit to
remove all traces of genomic DNA contamination. First-strand ¢cDNA was
synthesized by RevertAid H Minus Moloney murine leukemia virus reverse
transcriptase and oligo(dT) or random hexamer primers (Fermentas). Diluted
c¢DNA samples were used as templates in real-time PCRs containing POWER
SYBR Green PCR Master Mix or TagMan Gene Expression Master Mix
(Applied Biosystems), 300 to 900 nm of each primer, and 250 nm specific 5’
6-carboxyfluorescein- and 3’ nonfluorescent quencher-labeled minor groove
binder probe, respectively. Primers for all genes were mostly designed to
cover the 3’ end of the ORF to minimize inaccuracy caused by possible partial
degradation of mRNA usually starting from the 5’ end. However, some gene
family members share high mutual homology, which does not allow this kind
of design. Moreover, some primer combinations caused strong unspecific
amplification, disturbing correct fluorescence reading. In these cases, ampli-
fication with specific TagMan probes was exploited (i.e. IPT5, IPT6, CKX1,
CKX4, CKX5, and CKX8) or primers were designed to the nonhomologous 5’
end sequences (i.e. CKX2, CKX3, and RR2) to avoid cross-reactivity of primer
pairs to highly homologous paralogs. The primers for PCR exploiting SYBR
Green chemistry were designed using Primer Express 3.0 software (Applied
Biosystems). TagMan probes together with corresponding primers were
designed by Applied Biosystems customer service. The primer and probe
sequences are listed in Supplemental Table S1. RNA from every biological
replicate was at least transcribed in two independent reactions, and each
cDNA sample was run in at least two technical replications on the StepOne-
Plus Real-Time PCR System in a default program (Applied Biosystems). To
ensure that primers amplified the desired gene sequence, amplicons for every
used primer pair were produced by standard Taq polymerase, cloned into
PDRIVE vector, and sequenced by a commercial sequencing service. For each
pair of primers, plasmid DNA was used afterward as template to generate a
calibration curve for determining the efficiency of PCR. Cycle threshold values
were normalized with respect to the 18S small RNA subunit gene (expression
during development and in different organs) or the B-actin gene (expression
in stressed samples) and the efficiency of amplification.

CK Analysis

The procedure used for CK purification was a modification of the method
described by Faiss et al. (1997). Three fractions were obtained by this procedure:
the first one contained free bases, ribosides, and N9-glucosides; the second
fraction was enriched by nucleotides; and the third fraction contained
O-glucosides. Deuterium-labeled CK internal standards (OlIChemIm) were added,
each at 1 pmol per sample, to check the recovery during the purification and to
validate the determination (Novak et al., 2008). The samples were purified using
immunoaffinity chromatography based on wide-range specific monoclonal
antibodies against CKs (Novak et al., 2003). The methanolic eluates from
immunoaffinity columns were evaporated to dryness, and the obtained solids
were dissolved in 20 uL of the mobile phase used for quantitative analysis. The
samples were analyzed with an ultraperformance liquid chromatograph (Ac-
quity UPLC; Waters) coupled to a Quatro micro API (Waters) triple quadrupole
mass spectrometer equipped with an electrospray interface. The purified
samples were injected onto a C18 reverse-phase column (BEH C18, 1.7 um,
2.1 X 50 mm; Waters). The column was eluted with a linear gradient (0 min, 10%
B; 0-8 min, 50% B; flow rate of 0.25 mL min~; column temperature of 40°C) of 15
mM ammonium formate (pH 4.0; A) and methanol (B). Quantification was
achieved by multiple reaction monitoring of [M+H]" and the appropriate
product ion. The quantification was performed by Masslynx software using a
standard isotope dilution method. The ratio of endogenous CK to the appro-
priate labeled standard was determined and further used to quantify the level of
endogenous compounds in the original extract, according to the known quantity
of the added internal standard.

Analysis of ABA and Its Metabolites

Approximately 50-mg aliquots of plant tissue were homoge-
nized and extracted for 1 h in 750 uL of ice-cold methanol:water:acetic acid
(10:89:1, v/v) containing sodium diethyldithiocarbamate (400 ug g71 dry
weight) as an antioxidant. Internal standard mixtures, containing 50 pmol
each of [*H,JABA alcohol, [*H,JABA aldehyde, (—)-7',7’,7'[*H;lphaseic
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acid, (—)-7',7',7' [2H3]dihydr0phaseic acid, (—)-8',8",8' [2H3]neophaseic
acid, (+)-4,58',8',8'[°’H;]JABAGE, (-)-58',8",8'[*H,]7'-OH-ABA, and
(+)—3’,5’,5’,7’,7’,7’[2H6]ABA, were added to the samples. The homogenates
were centrifuged (21,000g, 10 min, 4°C) after 1 h of extraction, and the
pellets were then reextracted in the same way for 30 min. The combined extracts
were purified by solid-phase extraction on Oasis HLB cartridges (60 mg, 3 mL;
Waters), evaporated to dryness, and finally analyzed by ultraperformance liquid
chromatograph-electrospray ionization (—/+)-tandem mass spectrometry.

Supplemental Data

The following materials are available in the online version of this article.
Supplemental Figure S1. Alignment of all maize putative IPT proteins.
Supplemental Figure S2. Alignment of all maize putative CKX proteins.

Supplemental Figure S3. Phylogenetic tree of all ZmIPT, OsIPT, and AtIPT
proteins.

Supplemental Figure S4. Phylogenetic tree of all ZmCKX, OsCKX, and
AtCKX proteins.

Supplemental Figure S5. Northern blots of selected genes in tissues
exposed to stress and CK.

Supplemental Figure S6. Fluctuation of CK content in maize leaves during
exposure to osmotic and salinity stress.

Supplemental Figure S7. Fluctuation of CK content in maize roots during
exposure to osmotic and salinity stress.

Supplemental Figure S8. CK content in maize exposed to BAP compared
with untreated plants.

Supplemental Table S1. Sequences of primers and TagMan probes used
for gPCR.

Supplemental Table S2. Expression profiles of genes involved in CK
metabolism and perception in rice seedlings exposed to drought and
salinity stress.

Supplemental Methods S1. Northern-blot analysis.
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