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SHORT COMMUNICATION

Cis- and trans-zeatin differentially modulate plant
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Phytohormones are essential regulators of various processes in plant growth and development. Several phytohormones
are also known to regulate plant responses to environmental stress and pathogens. Only recently, cytokinins have been
demonstrated to play an important role in plant immunity. Increased levels of cytokinins such as trans-zeatin, which
are considered highly active, induced resistance against mainly (hemi)biotrophic pathogens in different plant species.
In contrast, cis-zeatin is commonly regarded as a cytokinin exhibiting low or no activity. Here we comparatively study
the impact of both zeatin isomers on the infection of Nicotiana tabacum by the (hemi)biotrophic microbial pathogen
Pseudomonas syringae. We demonstrate a biological effect of cis-zeatin and a differential effect of the two zeatin isomers
on symptom development, defense responses and bacterial multiplication.

Various phytohormones are known to mediate specific plant
responses to pathogen attack. Depending on the plant-pathogen
interaction, such defense reactions are mainly regulated by eth-
ylene, jasmonic and/or salicylic acid (SA) and their signaling
components.”? Over the past years, the involvement of other
phytohormones such as abscisic acid, auxin or gibberellins to
modulate plant immunity became increasingly evident."* Only
recently, several studies focused on the role of the classic phyto-
hormone cytokinin (CK) in plant immunity.

CKs have been demonstrated to modulate defense responses
of several plant species to mainly (hemi)biotrophic,®® but also
to necrotrophic pathogens.>® Depending on the plant species,
various mechanisms such as the formation of antimicrobial phy-
toalexins®” or regulation of defense genes and other phytohor-
mones such as SA%># have been shown to be CK responsive. The
effects of CKs on plant immunity have been shown in different
pathosystems to act in a dose dependent manner.*> These stud-
ies focused on the application of CKs known as highly active
such as benzyl adenine, kinetin or trans-zeatin (tZ).>>® Although
cis-zeatin (cZ) is generally described as lowly or non-active in
comparison to the trans-isomer, ¢Z is ubiquitously present in
plants and recent studies propose physiological functions for

it.>" Since various phytopathogens such as Rhodococcus fascians,"
Colletotrichum graminicola™ or Magnaporthe oryzae® are capable
of producing and modulating cZ-type CKs at infection sites, also
a potential impact of ¢Z on plant immunity must be considered.
Here, we comparatively study the differential impact of ¢Z and
tZ treatment on tobacco-Pseudomonas syringae pv tabaci (Pst)
interaction, a well-established pathosystem to analyze CK effects
on plant immunity.*

The analysis of free base ¢Z and ¢Z levels at the time-point
of infection revealed a high and distinct accumulation of the
according isomer applied (Table 1). In samples treated with cZ
only this isomer accumulated without increasing levels of tZ
compared with the untreated control (Table 1). Likewise, treat-
ment with tZ results in elevated levels of this isomer in the tis-
sue. Interestingly, a tendency of increased cZ levels following tZ
treatment was also observed, although this accumulation was not
significantly different compared with the controls. This finding

excludes potential isomerization processes,'

which is in agree-
ment with the failure to demonstrate cis-trans-isomerization
in tobacco cells.” Thus, the differential effects on Pst infection
can directly be related to the specific zeatin isomer applied to

the leaves. However, differences between cZ and tZ transport,
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Table 1. Accumulation of tZ, cZ, SA and scopoletin in tobacco leaves

Phytohormone/scopoletin accumulation [ng/g FW]

Sample cZ SA Scopoletin
0 h control 8.44 £ 5.12° 0.87 + 0.65"< 14.74 £ 5.70¢ 7.24 + 3.38°
24 h NaOH 1.61 + 0.84° 0.09 = 0.03¢ 24.37 + 11.95b« 28.95 + 12.732

24hcZ 372.64 £ 13.57° 0.84 +0.28° 32.82 £ 10.66° 18.21 £ 4.76°

24htz 25.32 £ 17.59°

172.65 £ 15.79*

51.66 + 14.25* 24.48 £ 10.072

Determination of cZ, tZ, SA and scopoletin of whole leaves exclusively middle rib of indicated treatments. Mean values of three biological replicates,
consisting of two technical replicates each, in ng/g fresh weight (FW) + st. error. Letters indicate different significance groups based on paired, two-

sided Student’s t-test (p < 0.05).
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Figure 1. Symptom development of Pst infection in tobacco leaves after control treatment and treatment with 10 wM cZ or tZ. (A) Representative
symptom development in infected tobacco leaves after indicated treatment 6 and 12 dpi. (B) Average symptom development of infected tobacco
leaves after indicated treatment 6 and 12 dpi. Mean values + st. error of three (6 dpi) and four (12 dpi) independent biological experiments consisting
of ten leaves each. Letters indicate different significance groups based on paired, two-sided Student'’s t-test (p < 0.05).

degradation and conjugation processes must be assumed.”!!
These processes most likely contribute to the approximately
2-fold difference in the free base accumulation of the zeatin iso-
mers at the end of (pre-) treatment (Table 1). Treatment with
tZ increased SA levels significantly compared with the untreated
controls, whereas a tendency of enhanced accumulation of SA by
cZ at the time-point of infection compared with the untreated
controls was evident (Table 1). In contrast, the accumulation
of the phytoalexin scopoletin showed no significant differences
between the treatments (Table 1). This indicates a higher activ-
ity of ¢Z compared with cZ to induce defense mechanisms at
least in tobacco. Despite these differences in SA accumulation,
both pre-treatments resulted in strongly suppressed symptom
development at 6 and 12 dpi compared with the (NaOH treated)
control leaves (Fig. 1A). The average symptom scores at 6 and
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12 dpi indicate that the suppressive effect of tZ on Psz infection
symptoms is significantly stronger compared with cZ (Fig. 1B).
Although both zeatin isomers caused a significant reduction in
symptom development post Pst infection, only tZ significantly
restricted pathogen proliferation (Fig. 2). This efficient inhibi-
tion of pathogen growth through tZ was already visible at 48
h post infection (hpi), while cZ appeared to have no impact on
Pst proliferation (Fig. 2). This difference could be at least par-
tially explained by the diverging SA accumulation post c¢Z and
tZ treatment and could be the reason for the stronger suppression
of infection symptoms through tZ.

Our data show that both zeatin isomers strongly suppress
symptom development of Pst infection in tobacco, similatly to
the reported effect of kinetin.* However, differences in the poten-
tial of the physiological effect on plant immunity are obvious.
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Only tZ significantly increased SA accumulation and efficiently
restricted pathogen proliferation, which is in agreement with
findings of stronger biological effects of tZ compared with ¢Z
in tobacco callus growth assays." Nevertheless, the suppression
of infection symptoms by cZ was clearly shown, indicating a
role of ¢Z in plant immunity, which could be even more impor-
tant in plants responding stronger to ¢Z compared with tobacco
such as rice.!” Higher levels of ¢Z than used in this study (maybe
in combination with other CKs) could additionally have an
impact on defense reactions or a stronger effect on plant fitness,
which provides more time for defense reactions to efficiently
act directly against the pathogen. The restriction of Pst prolif-
eration through tZ appeared to be less distinct than reported
for kinetin, while the suppression of symptoms seemed to be
even stronger.* Considering the differences in the dynamics of
SA accumulation and the physiological effects (symptoms and
pathogen proliferation) between the very potent CKs kinetin?
and tZ (this study), the involvement of distinct mechanisms in
CK mediated resistance have to be assumed. Apparently, the
combination of these different mechanisms by which the indi-
vidual CKs function to restrict pathogen infection contribute
to host plant and pathogen specific resistance. Thus, the effi-
ciency of the final defense response depends on the spectrum of
CKs affected. Since cZ shows neither significant impact on SA
accumulation nor on Pst proliferation but still reduced symp-
tom development, a more general CK impact on plant fitness
and the physiological status has to be considered. In addition
to the induction of distinct defense reactions the classical and
well established physiological CK effects such as the induction
of apoplasmic phloem unloading and sink metabolism''® as
well as the delay of senescence through invertase activity,” con-
tribute to maintain plant tissue integrity and thereby plant fit-
ness. The maintenance of tissue integrity integrated within the
whole plant-pathogen interaction can extend the time frame dur-
ing which distinct defense reactions act on the pathogen itself.
This can strengthen the overall pathogen response and, thus, cZ
also modulates plant immunity. An increasing number of experi-
mental evidence is accumulating that demonstrates a close and
coordinated regulation of primary carbohydrate metabolism and
defense responses.'®" Thus, the combination of different defense
mechanisms regulated by the CK spectrum not only determines
the efficiency by which pathogen growth is restricted, but also
influences the physiological status to limit the fitness trade-off
associated with defense responses. CKs are therefore of general
interest for applications in plant protection as they are potent
means to limit biomass losses during infections. Consequently,
CK specific effects, also in correlation to other phytohormones
or to other CK derivatives have to be considered in future studies
on plant immunity.

Taken together, our data strongly support a general role of CKs
in plant immunity, which was implied by several recent stud-
ies.’>® Whereas these previous studies only focused on highly
active CKs, including tZ, the findings of this study also demon-
strate a role of ¢Z in modulating plant immunity. Particularly with
respect to the known ¢Z modulations and production by various
pathogens,®'#'? our study shows that cZ needs to be considered as
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Figure 2. Pst growth in tobacco leaves after different pre-treatments
0 and 48 hpi. Mean values = st. error of four independent biological
experiments, consisting of three sets of three technical replicates each.
*indicates significant difference to control and cZ treatment based on
paired, two-sided Student’s t-test (p < 0.05).
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additional regulator of plant-pathogen interactions. The changes
in both the levels and spectrum of CKs may lead to differential
modulation of plant immunity and fitness, also depending on the
plant species or pathogen-interaction. Additionally, natural varia-
tions of CK content and spectrum within one plant may control
the defense status of specific organs and thus contribute to the
regulation of optimal defense patterns.?’

Material and Methods

To address the impact of ¢Z and tZ on plant immunity, the
experimental design was adopted from experiments using kine-
tin within the tobacco-Pst pathosystem.? Detached leaves of
7-10-wk-old N. tabacum SR1 plants, grown under greenhouse
conditions,” were fed via petioles with 10 pM cZ (Olchemim
Ltd.,), tZ (Duchefa), diluted from 100 mM stock solutions in
0.5 M NaOH (Roth) or accordingly diluted NaOH solvent con-
trol for 24 h prior to Pst infection.*" After this pre-treatment,
leaves were infiltrated with 10° cfu/ml Psz in 10 mM MgCl,
and leaves were put back on water. The bacteria were derived
from a exponentially growing liquid culture in LB medium
supplemented with 20 mg/l tetracycline (Sigma-Aldrich).* At
the time-point of infection, levels of ¢Z, tZ, SA and the phy-
toalexin scopoletin were determined in the leaves as reported

€24798-3

Do not distribute.

I0Science.

©2013 Landes B



before.* Therefore, middle ribs of leaves were excised and leaf
material was frozen in liquid nitrogen. After grinding, phytohor-

2122 and scopoletin® were extracted from leaf tissue and

mones
analyzed as described previously. For the evaluation of resistance
effects, scoring of symptom development at 6 and 12 d post
infection (dpi) based on a six-category scale (“0, no symptoms”
to “5, maximum necrosis”) and determination of Psz growth in
planta were performed. To evaluate pathogen growth, defined
leaf discs were harvested with a cork borer (0.4 cm diameter) and
ground in 10 mM MgCIl,. The suspensions were plated in serial
dilutions on LB plates supplemented with 20 mg/I tetracycline.

After incubation at 28°C for 36 h, colonies on plates of suitable
dilutions were count to determine colony forming units (cfu).
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