
Cytokinin Regulates the Etioplast-Chloroplast
Transition through the Two-Component Signaling
System and Activation of Chloroplast-Related Genes1

Anne Cortleven, Ingke Marg, Maria V Yamburenko, Hagen Schlicke, Kristine Hill, Bernhard Grimm,
G. Eric Schaller, and Thomas Schmülling*

Institute of Biology/Applied Genetics, Dahlem Centre of Plant Sciences (DCPS), Freie Universität Berlin,
Albrecht-Thaer-Weg 6, D-14195 Berlin, Germany (A.C., I.M., T.S.); Department of Biological Sciences,
Dartmouth College, Hanover, New Hampshire 03755 (M.V.Y., K.H., G.E.S.); and Department of Plant
Physiology, Humboldt Universität, Philippstrasse 13, D-10115 Berlin, Germany (H.S., B.G.)

ORCID IDs: 0000-0001-6208-4228 (M.V.Y.); 0000-0002-9730-1074 (B.G.); 0000-0003-4032-2437 (G.E.S.).

One of the classical functions of the plant hormone cytokinin is the regulation of plastid development, but the underlying
molecular mechanisms remain elusive. In this study, we employed a genetic approach to evaluate the role of cytokinin and its
signaling pathway in the light-induced development of chloroplasts from etioplasts in Arabidopsis (Arabidopsis thaliana).
Cytokinin increases the rate of greening and stimulates ultrastructural changes characteristic for the etioplast-to-chloroplast
transition. The steady-state levels of metabolites of the tetrapyrrole biosynthesis pathway leading to the production of
chlorophyll are enhanced by cytokinin. This effect of cytokinin on metabolite levels arises due to the modulation of
expression for chlorophyll biosynthesis genes such as HEMA1, GUN4, GUN5, and CHLM. Increased expression of HEMA1 is
reflected in an enhanced level of the encoded glutamyl-tRNA reductase, which catalyzes one of the rate-limiting steps of
chlorophyll biosynthesis. Mutant analysis indicates that the cytokinin receptors ARABIDOPSIS HIS KINASE2 (AHK2) and
AHK3 play a central role in this process. Furthermore, the B-type ARABIDOPSIS RESPONSE REGULATOR1 (ARR1),
ARR10, and ARR12 play an important role in mediating the transcriptional output during etioplast-chloroplast transition.
B-type ARRs bind to the promotors of HEMA1 and LHCB6 genes, indicating that cytokinin-dependent transcription factors
directly regulate genes of chlorophyll biosynthesis and the light harvesting complex. Together, these results demonstrate an
important role for the cytokinin signaling pathway in chloroplast development, with the direct transcriptional regulation of
chlorophyll biosynthesis genes as a key aspect for this hormonal control.

Chloroplasts are plant organelles that are vital for
photosynthesis. In addition to this energy conversion
process, they also play a role in primary and secondary
metabolism (Lopez-Juez and Pyke, 2005). Chloroplasts
develop from proplastids that are present in the imma-
ture cells of plant meristems. When plants are grown
in the dark, proplastids develop into etioplasts that
contain a semicrystalline structure, called the prolamellar
body, which incorporates lipids andNADPH-dependent

protochlorophyllide oxidoreductase (Armstrong et al.,
1995). Upon exposure to light, the prolamellar body dis-
perses, thylakoid membranes form, and a fully functional
chloroplast develops. The transition of etioplasts to chlo-
roplasts is part of the deetiolation process (for review, see
von Arnim and Deng, 1996) and coincides with greening
due to chlorophyll biosynthesis (for review, see Tanaka
and Tanaka, 2007). Chlorophyll biosynthesis starts from
Glu, which is converted to 5-aminolevulinic acid (ALA),
and is then further processed to protochlorophyllide.
Finally, after light activation of NADPH-dependent
protochlorophyllide oxidoreductase, chlorophyll is
formed (see Figure 3A for a simplified scheme).

Light is the main environmental factor that regulates
chloroplast development, but plant hormones are also
of importance. Cytokinin, in particular, can partially
replicate the effects of light on plant growth and devel-
opment. Indeed, soon after the discovery of cytokinin as a
plant hormone, it was found to regulate the development
and function of chloroplasts in a variety of plant species
(Miller et al., 1956; for a recent review, see Cortleven and
Schmülling, 2015). In 1994, Chory and coworkers reported
that cytokinin could induce a deetiolation response in
plastids of Arabidopsis (Arabidopsis thaliana; Chory et al.,
1994); in the absence of cytokinin, dark-grown seedlings
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had small etioplasts with a prolamellar body but, in
presence of cytokinin, the seedlings had large lens-shaped
plastids that lacked a prolamellar body and contained
some bithylakoid membranes. Although similar reports
on this cytokinin effect have been published for other
species (e.g. Lupinus luteus [lupine], Hordeum vulgare
[barley], and Nicotiana tabacum [tobacco]; Parthier, 1979;
Cortleven and Schmülling, 2015), the molecular links
between the core cytokinin signaling pathway and
downstream elements involved in this process are
largely missing.
Cytokinin is a versatile plant hormone that, in addi-

tion to its effect on chloroplast development, regulates
numerous physiological and developmental processes
such as the cell cycle, activity of root and shoot meri-
stems, root and shoot branching, floral transition, and
leaf senescence (for review, seeWerner and Schmülling,
2009; Kieber and Schaller, 2014; Cortleven and
Schmülling, 2015). Elements of the cytokinin signaling
pathway have been revealed through genetic studies in
Arabidopsis. Cytokinin is perceived by three sensor His
kinases, named ARABIDOPSIS HIS KINASE2 (AHK2),
AHK3, and CYTOKININ RESPONSE1 (CRE1)/AHK4
(Inoue et al., 2001; Suzuki et al., 2001), which have both
overlapping and distinct functions (Higuchi et al., 2004;
Nishimura et al., 2004; Riefler et al., 2006; reviewed by
Heyl et al., 2012). A two-component signaling system
transmits the signal from the receptors via His phos-
photransfer proteins (AHPs; Hutchison et al., 2006) to
type-B response regulators (type-B ARRs), which are
transcription factors that regulate expression of early
cytokinin-response genes (Sakai et al., 2001; Mason
et al., 2005). The B-type response regulators ARR1
(ARABIDOPSIS RESPONSE REGULATOR1), ARR10,
and ARR12 play the major role in mediating cytokinin
signaling during the vegetative growth phase (Argyros
et al., 2008; Ishida et al., 2008). Downstream of this core
signaling pathway numerous early and late cytokinin
response genes have been identified. These include some
nuclear- and plastid-encoded genes involved in chloro-
plast function (e.g. Brenner et al., 2005; Zubo et al., 2008,
2009; Bhargava et al., 2013; Brenner and Schmülling, 2012;
reviewed by Cortleven and Schmülling, 2015). Among
the genes induced in response to cytokinin are two
GATA-family transcription factors named GNC (GATA,
NITRATE-INDUCIBLE, CARBON-METABOLISM IN-
VOLVED) and CGA1/GNL (CYTOKININ-INDUCED
GATA1/GNC-LIKE; Bi et al., 2005; Naito et al., 2007),
which have been implicated in chloroplast development
and chlorophyll biosynthesis (Richter et al., 2010;
Hudson et al., 2011; Köllmer et al., 2011; Chiang et al.,
2012). However, their transcriptional response to cy-
tokinin during the chloroplast-to-etioplast transition is
unknown.
In this study, we investigated the mechanistic basis

by which cytokinin mediates the etioplast-to-chloroplast
transition in Arabidopsis, focusing on how chlorophyll
biosynthesis is regulated during this developmental
process. By employing genetic analysis using mutants in
the cytokinin signaling pathway, we reveal a central role

for the cytokinin receptors AHK2 and AHK3, as well as
the B-type response regulatorsARR1,ARR10, andARR12
in the etioplast-to-chloroplast transition. Our results
demonstrate that cytokinin regulates expression of genes
encoding multiple enzymes in the chlorophyll biosyn-
thesis pathway, including HEMA1 (GLUTAMYL-tRNA
REDUCTASE), which regulates an early rate-limiting
step. These effects on gene expression are reflected in al-
tered steady-state levels of metabolites in the chlorophyll
biosynthetic pathway. Furthermore, we find that B-type
ARRs bind to the promotors of HEMA1 and LHCB6
(LIGHT HARVESTING COMPLEX PHOTOSYSTEM II
SUBUNIT6), indicating that cytokinin-dependent tran-
scription factors directly regulate genes of chlorophyll
biosynthesis and the light harvesting complex involved in
the etioplast-to-chloroplast transition.

RESULTS

Cytokinin Increases the Greening Rate and Accelerates the
Etioplast-to-Chloroplast Transition in Arabidopsis

To test the influence of cytokinin on chlorophyll bio-
synthesis and the formation of chloroplasts, we first tested
if under our experimental conditions similar resultswould
begenerated as inprevious studies exploring the cytokinin
effect during deetiolation (for review, see Cortleven and
Schmülling, 2015). We germinated Arabidopsis seeds in
the dark on medium with or without cytokinin (1 mM
6-benzylaminopurine [BA]). Three-day-old etiolated
seedlings were transferred to light, and the formation of
chlorophyll was thereafter analyzed in 3-h intervals up to
12 h (Fig. 1). Cytokinin treatment significantly accelerated
the formation of chlorophyll in the light, which was ap-
parent after 6 h. Twelve hours after the transfer to light,
cytokinin-treated seedlings contained about 40% more
chlorophyll than the untreated seedlings. For comparison
towild type,wefirst analyzed the cytokinin-hyposensitive
ahk2 ahk3 mutant, which is affected in leaf development
and has a reduced chlorophyll content (Riefler et al., 2006).
Figure 1A shows that following dark-to-light transition,
the ahk2 ahk3 mutant produced significantly less chloro-
phyll than wild type at all the time points examined (Fig.
1A). These results demonstrate that cytokinin acts as a
positive regulator of the deetiolation process under our
experimental conditions.

Besides its effect on the rate of greening, cytokinin
also influences the ultrastructural alterations that
characterize the etioplast-to-chloroplast transition (Fig.
1B). In dark, the cotyledons of wild-type plants contain
etioplasts with the typical prolamellar body. Light
treatment causes the differentiation from etioplasts to
chloroplasts. After 6 h of light, prethylakoid mem-
branes are formed starting from the center (prolamellar
body). After 12 h of light, the prolamellar body has
disappeared and chloroplasts are fully differentiated
with grana and stroma thylakoids. Cytokinin treatment
induces the formation of prethylakoid membranes
without light exposure, indicating that the hormone
mimics the mode of action of light (Fig. 1B), consistent
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with the previous observations of Chory et al. (1994).
After 6 h of light, the prolamellar body is completely
absent and the typical chloroplast ultrastructure with
grana and stroma thylakoids is visible in wild-type
seedlings growing on medium containing cytokinin.

Finally, a more pronounced grana stacking and accu-
mulation of starch is visible after 12 h of light in the
presence of cytokinin. In dark-grown ahk2 ahk3 seed-
lings (Fig. 1B), the overall ultrastructure of the etioplast
is comparable to wild type, although we observed
fewer etioplasts. After 6 h of light, etioplasts in ahk2 ahk3
have largely lost their prolamellar body and have be-
gun to form thylakoid-like membrane structures.
However, we observed several paracrystalline struc-
tures or potential aggregations of small vesicles that
resemble the prolamellar body. This could indicate that
the differentiation of the prolamellar body into thyla-
koid membranes is disorganized and that these plants
have compromised chlorophyll biosynthesis, because
chlorophyll biosynthesis mutants exhibit an asymmet-
ric organization of the prolamellar body (Solymosi and
Schoefs, 2010). After 12 h of light, chloroplasts with
grana and stroma thylakoids are also formed in the ahk2
ahk3 mutant; however, the overall structure is less or-
ganized than that found in wild type (Fig. 1B). Taken
together, these results demonstrate that cytokinin can
partially phenocopy and, in addition, accelerate the ultra-
structural changes inherent to the etioplast-to-chloroplast
transition during deetiolation.

Cytokinin-Signaling Mutants Exhibit Altered
Greening Response

We took a genetic approach to investigate in more
detail which elements of the cytokinin signaling path-
way mediated the effects of cytokinin on chloroplast
development. We analyzed the chlorophyll content in a
set of cytokinin signaling mutants comprising all single
and double receptor mutant combinations as well as
all single and double mutant combinations of the three
B-type response regulators, ARR1, ARR10, and ARR12.
These three transcription factors functionally overlap
and are the predominant regulators of cytokinin action
during vegetative growth (Argyros et al., 2008; Ishida
et al., 2008). More specifically, they were previously
found to mediate cytokinin-based deetiolation of dark-
grown seedlings (Argyros et al., 2008), a finding con-
sistent with their expression level under this growth
condition (normalized expression ofARR1 is 176,ARR12
186, and ARR10 97 in 4-d-old dark-grown seedlings
based on microarray data analyzed through the Arabi-
dopsis eFP browser; Winter et al., 2007). We therefore
considered these three B-type ARRs to be good candi-
dates to mediate the cytokinin-regulated transcriptional
output during etioplast-chloroplast transition and chlo-
rophyll biosynthesis (Fig. 2; additional timepoints can be
found in Supplemental Fig. S1).

Analysis of chlorophyll formation after transfer to
light of dark-grown cytokinin receptor mutants
showed a significant increase in the rate of chlorophyll
production in all single mutants after cytokinin treat-
ment (cytokinin effect), with a slight but not significant
reduction compared towild type (Fig. 2A; Supplemental
Fig. S1A). Similar observations were made for the

Figure 1. Cytokinin increases the greening rate of etiolated Arabidopsis
seedlings and alters chloroplast ultrastructure during etioplast-
chloroplast transition. The wild type (WT) and ahk2 ahk3 cytokinin
receptor mutants were grown for 3 d in dark on medium (MS, no Suc)
before exposure to light. A, Chlorophyll content after exposure to light for
3 to 12 h. The average of three independent experiments each with three
replicates per time point is shown.One replicate consisted of 30 etiolated
seedlings grownononeplate. Error bars represent SE (n=3). Asterisks indicate
significant differences to wild type control (* 0.05 . P . 0.01; ** 0.01 .
P . 0.001; *** P , 0.001). B, Transmission electron microscope pictures
illustrating the etioplast-chloroplast transition. Abbreviations: BA, 6-ben-
zylaminopurine; (g), grana; (p), prolamellar body; (pl), prolamellar-like
body; (pt), prethylakoids; (st), starch granules; (th), thylakoid membrane.
Scale bars represent 1200 nm.
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cytokinin-receptor double mutants (Fig. 2B; Supplemental
Fig. S1B). A significant reduction in greening was ob-
served in the ahk2 ahk3mutant in comparison towild type,
both with and without BA treatment after 3 and 12 h of
light (Fig. 2B). The effect of the ahk2 ahk3 mutant is con-
sistent with what we observed in Figure 1A and demon-
strates that AHK2 andAHK3 are key players inmediating
the cytokinin signal during deetiolation.
In the single and double B-type arr mutants, the

greening rate also increased significantly after cytoki-
nin treatment, suggesting there might be functional
redundancy between ARR1, ARR10, and ARR12 with
respect to the cytokinin response (Fig. 2, C and D;
Supplemental Fig. S1). In arr double mutants, chloro-
phyll accumulation was reduced under control condi-
tions, although not significantly, compared to wild type
by the 12-h time point for light treatment (Fig. 2D;
Supplemental Fig. S1D). Interestingly, loss of all three
ARR genes (arr1 arr10 arr12) resulted in a strong in-
crease in greening rate under control conditions, al-
though this effect on greening was not altered by
cytokinin treatment consistent with the mutant being

cytokinin insensitive (Fig. 2D). From these results, all
three tested B-type ARRs appear to play redundant
roles in the normal greening response to light both
under control conditions and after CK treatment.
Moreover, the results suggest that a compensatory
mechanism may be engaged when cytokinin signaling
is strongly hampered, the arr1 arr10 arr12 mutant
exhibiting the strongest cytokinin insensitivity of all
the mutants examined.

Cytokinin Affects the Steady-State Levels of the
Metabolites in the Tetrapyrrole Biosynthesis Pathway

Since the largest differences of chlorophyll biosyn-
thesis in response to cytokinin were found in the ahk2
ahk3 receptor mutant, we used this mutant to investi-
gate which steps in the tetrapyrrole biosynthesis path-
way leading to chlorophyll productionwere affected by
cytokinin. For this purpose, the profiles of different
chlorophyll metabolites and of chlorophyll were mea-
sured during deetiolation at multiple time points up to
12 h (Fig. 3) and expressed relative to fresh weight. The

Figure 2. Greening rate inmutants of the cytokinin signaling pathway. A, Single (ahk2, ahk3, and cre1) and B, double (ahk2 ahk3,
cre1 ahk2, and cre1 ahk3) cytokinin receptor mutants, and C, single (arr1, arr10, and arr12) and D, double and triple arr (arr1
arr10, arr1 arr12, arr10 arr12, and arr1 arr10 arr12) mutants were grown for 3 d in dark on medium (MS, no Suc) with or without
1mMBA. Control conditions are visualized by solid bars; treatmentwith BAwith hatched bars. After exposure to light, chlorophyll
content was measured at different time points. Diagrams shown are the average of at least four independent experiments each
with three replicates per time point. One replicate consisted of 30 etiolated seedlings grown on one plate. Error bars represent
SE (n$ 3). Letters indicate significant differences between wild type (WT) and the different genotypes under control condition (a)
and after BA treatment (b) (P , 0.05). Asterisks above brackets indicate a significant cytokinin effect in the respective genotype
(** 0.01 . P . 0.001; *** P , 0.001). Additional time points can be found in Supplemental Figure S1.
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levels of the chlorophyll precursors protoporphyrino-
gen IX (ProtoIX), Mg-protoporphyrin IX (Mg-proto),
and Mg-proto monomethylester (Mg-proto ME) follow
a similar kinetic: metabolite levels increase after 1 h
illumination, reach a maximum after 3 to 6 h, and then
decrease. The protochlorophyllide (Pchlide) level has a
different kinetic: it accumulates in the dark and de-
creases rapidly in response to light. This contrasts with
chlorophyll, which accumulates steadily in response to
light, an increase in chlorophyll levels being detected
within 1 h after the start of the light treatment in wild
type. These basic kinetic profiles are similar in the ab-
sence or presence of cytokinin, and in both wild type
and the ahk2 ahk3 mutant (Fig. 3). However, ahk2 ahk3
mutants exhibit a delayed increase in protoporphyrin-
ogen IX, Mg-proto, and Mg-proto monomethylester,
and these reach lower levels in comparison towild type.
Cytokinin treatment results in a more rapid increase in
the levels of these metabolites in both wild type and

ahk2 ahk3 mutants, observable after 1 h illumination.
The protochlorophyllide level is lower in the dark in
ahk2 ahk3 mutants compared to wild type, and cytoki-
nin increases the level in both genotypes (Fig. 3E). Thus,
the levels of intermediates for chlorophyll synthesis
(Fig. 3, B–E) correlate with the overall rate of formation
of chlorophyll (Fig. 3F). After 12 h of light, ahk2 ahk3
mutant seedlings contain approximately half as much
chlorophyll as the wild type, irrespective of being
treated by cytokinin or not. In conclusion, treatment
with exogenous cytokinin enhances the rate of chloro-
phyll formation, whereas cytokinin hyposensitivity as
found in the ahk2 ahk3 mutant reduces the rate of
chlorophyll formation. These effects found in the ahk2
ahk3 mutant indicate that cytokinin plays a normal
physiological function in regulating chlorophyll levels.
Moreover, cytokinin influences multiple steps of chlo-
rophyll biosynthesis, as indicated by the changes in
different metabolites.

Figure 3. Effect of cytokinin on the steady-state levels of the metabolites of the tetrapyrrole biosynthesis pathway. A, Simplified
scheme of the chlorophyll biosynthesis pathway. Names of genes and proteins analyzed in this study are given at the respective
metabolic step. B to F, Levels of intermediate metabolites of chlorophyll biosynthesis at different time points following treatment
with cytokinin.Wild-type (WT) and ahk2 ahk3 seedlingswere grown for 3 d in dark onmedium (MS, no Suc)with or without 1mM
BA prior to analysis. Letters indicate significant differences to the wild type (control conditions) (a, ahk2 ahk3, control conditions;
b, wild type, BA; c, ahk2 ahk3, BA) and to the wild type (BA) (d, ahk2 ahk3, BA) (P , 0.05); error bars represent SE (n = 5).
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Key Steps in the Chlorophyll Biosynthetic Pathway Are
Transcriptionally Regulated by Cytokinin

We hypothesized that the cytokinin-dependent
changes in metabolites of the chlorophyll biosynthesis
pathway could arise from differences in gene expres-
sion for biosynthetic enzymes of the pathway. We
therefore characterized the expression ofmultiple genes
involved in the pathway, doing so in the absence and
presence of cytokinin and in both wild type and the
hyposensitive ahk2 ahk3 mutant. These genes included
HEMA1 and GSA1 encoding, respectively, glutamyl-
tRNA reductase and Glu-1-semialdehyde aminotrans-
ferase, which catalyze the initial rate-limiting steps of
ALA synthesis (Fig. 3A). We also analyzed several

other genes involved in the subsequent steps following
ALA biosynthesis; these were GUN4 and GUN5, in-
volved in the conversion of protoporphyrin IX to
Mg-proto; CHLM (MAGNESIUM-PROTOPORPHYRIN
IX METHYL TRANSFERASE), encoding Mg-protopor-
phyrin IX methyltransferase; and PORA/PORB, encod-
ing NADPH-protochlorophyllide oxidoreductase (Fig.
3A). In addition, because of the similar expression of
chlorophyll biosynthesis and photosynthesis genes
(McCormac and Terry, 2002), the transcript levels of
LHCB1 and LHCB6, encoding light harvesting chloro-
phyll binding proteins, were also determined (Fig. 4).

In wild type and ahk2 ahk3 mutants, similar basal
transcript levels were noted in dark-grown seedlings

Figure 4. Effect of cytokinin on transcript
levels of genes encoding key steps in the
chlorophyll biosynthesis pathway and of
LHCB1 during dark-to-light transition.
Wild-type (WT) and ahk2 ahk3 seedlings
were grown for 3 d in dark on medium
(MS, no Suc) with or without 1 mM BA
prior to exposure to light. Analysis of
transcript levels by quantitative real-time
PCR (qPCR) of chloroplast-related genes.
Transcript levels of the wild type (control
conditions) in darkwere set to 1. Statistical
significant differences were found for the
comparison of the wild type treated with
cytokinin and the wild type under control
conditions (a) and cytokinin-treated ahk2
ahk3 compared to cytokinin-treated wild
type (b) (P, 0.05). Error bars represent SE
(n $ 3). Three independent experiments
were performed with a similar outcome;
results from one representative experi-
ment are shown.
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for these genes (Fig. 4, time point 0 h). Growth on
cytokinin-containing medium induced significant in-
creases in transcript levels for most of the genes
(HEMA1, GUN4, GUN5, CHLM, LHCB1, LHCB6) in
wild type, while this response was absent in ahk2 ahk3
mutants. Light treatment also caused a strong increase
of transcript abundance for most genes with different
kinetics and leading to up to almost 30-fold increased
steady-state transcript levels (GUN5). Cytokinin en-
hanced this effect of light in wild type, but not in the
ahk2 ahk3 mutant, for all genes. Only the GSA1, PORA,
and PORB transcripts responded differently. Expres-
sion of PORA transcripts dropped below detection
levels during greening, and PORB mRNA abundance
transiently decreased during light exposure. In this case
no significant differences were observed in the expres-
sion behavior between wild type and the ahk2 ahk3
mutant. Taken together, these results demonstrate a
role for cytokinin in the transcriptional regulation of
chlorophyll biosynthesis and photosynthesis genes and
the requirement of a fully functional cytokinin percep-
tion system for this regulation during greening.

Because HEMA1 encodes an enzyme (glutamyl-tRNA-
reductase [GluTR]) that catalyzes an early rate-limiting
step in the pathway, we examined whether the changes
in its transcript abundance (Fig. 4) were reflected at the
protein level (Fig. 5). Levels of GluTR protein were
strongly enhanced in response to exogenous cytokinin in
wild type but not in the ahk2 ahk3mutant, demonstrating
that the transcriptional response to cytokinin is reflected
at the protein level and confirming the relevance of
AHK2 and AHK3 in mediating this cytokinin response.

B-Type ARRs Act in a Redundant Manner to Mediate
Cytokinin Action in Etioplast-Chloroplast Transition

Next we investigated whether distinct B-type ARRs
take part in the transcriptional regulation of chlorophyll
biosynthesis genes, focusing on ARR1, ARR10, and
ARR12. In single arr mutants, the strongest differences
in expression were observed for HEMA1 and LHCB6
(Fig. 6A).HEMA1 expression was decreased in all three
single arrmutants grown in the dark as well as after 1 h
of light treatment. Cytokinin treatment increased the
transcript level in the wild type and all arrmutants, but
the response of arr1 in the dark and of arr1 and arr12 in
the light was significantly dampened. The induction of
LHCB6 by cytokinin following light treatment was
significantly reduced in arr1 and arr12 single mutants.
Effects on the expression of other chlorophyll biosyn-
thesis genes were also observed in the arr single mu-
tants, but these were less pronounced than those noted
for HEMA1 and LHCB6 (Fig. 6). Taken together, these
data demonstrate a role for the B-type ARRs to opti-
mally regulate the expression of key photosynthesis-
related genes in response to cytokinin. The altered
sensitivity observed in the single mutants suggests that
ARR1 plays the largest role in regulation, followed by
ARR12, and then ARR10.

Interestingly, in the three double arr mutant combi-
nations (arr1 arr10, arr1 arr12, arr10 arr12), the changes
in gene expression found in the single arr mutants
were not enhanced (Supplemental Fig. S2). Instead, the
steady-state transcript levels of the genes in dark-
grown double mutants were similar to or higher than
that found in wild type. For example, the expression of
HEMA1, LHCB1, and LHCB6 were higher in dark-
grown arr10 arr12 and arr1 arr12 mutants than in the
wild-type control. However, the transcript levels for
many of these genes (e.g. HEMA1, CHLM, and LHCB1)
exhibited decreased responsiveness to cytokinin in the
double arr mutants compared to wild type, this re-
sponse being most affected in arr1 arr12 (Supplemental
Fig. S2). The tendency toward higher transcript levels of
chlorophyll synthesis genes in the dark-grown higher-
order mutants of the B-type ARR seedlings was further
accentuated in the triple arr1 arr10 arr12 mutant (Fig.
6B). The basal transcript levels of the HEMA1 and
LHCB6 genes (Fig. 6B), as well as those ofGUN4, PORA,
and LHCB1 (Supplemental Fig. S4), were increased
in the triple arr mutant to a similar level as in wild
type treated with cytokinin. The abundance of these
chloroplast-related genes was not or only moderately
increased further by cytokinin treatment. This behavior
contrasts with that exhibited by the cytokinin primary

Figure 5. Effect of cytokinin on protein level of GluTR. Wild-type (WT)
and ahk2 ahk3 seedlings were grown for 3 d in dark onmedium (MS, no
Suc) with or without 1 mM BA. Protein abundance is expressed relative
to actin as loading control and wild type (control) was set to 1. One
representative blot is shown. Bar graph shown is the average of five
independent experiments. Error bars represent SE. Letters indicate signif-
icant differences to thewild type under control condition (a) or to thewild
type treated with BA (b) (P , 0.05).
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response genesARR15 andARR5 (Fig. 6B, Supplemental
Fig. S4), which have significantly reduced transcript
levels in the triple arr mutant.
Taken together, the increase in chlorophyll synthesis

gene expression and the corresponding increased
greening rate (Fig. 2D) inmutants with strongly reduced
cytokinin signaling activity indicate that a compensatory
mechanism may be activated under conditions of cyto-
kinin insensitivity.

ARR12 and ARR10 Bind Specifically to the HEMA and
LHCB6 Promotors

The analysis of transcript levels indicated the in-
volvement of cytokinin in the regulation of the tran-
scription of chlorophyll biosynthesis genes as well as
several LHCB genes. To determine whether B-type
ARRs could regulate the expression of these genes by
directly interactingwith their promoters, we performed

Figure 6. Effect of cytokinin on transcript
level of genes encoding key steps in the
chlorophyll biosynthesis pathway and of
LHCB genes in mutants of B-type ARR
genes during dark-to-light transition. Seed-
lings were grown for 3 d in dark on me-
dium (MS, no Suc) with or without 1 mM
BA prior to exposure to light. Transcript
levels of chloroplast-related genes in single
arr1, arr10, and arr12 mutants (A) and the
arr1 arr10 arr12 mutant (B) compared to
thewild type. Transcript levels of additional
genes canbe found in Supplemental Figure
S4. Transcript levels of the wild type
(control conditions) in dark were set to
1 (n $ 3). Letters indicate significant dif-
ferences between the wild type and the
different genotypes under control condi-
tion (a) or after BA treatment (b) or between
control and BA treatment for each geno-
type (c) (P, 0.05).
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chromatin immunoprecipitation (ChIP) assays (Fig. 7).
For this purpose, we made use of ARR12 fused to an
amino-terminal Myc epitope tag to allow for immuno-
precipitation, with expression of the transgene driven
by the CaMV 35S promoter (35S:myc-ARR12). Two
independent lines expressing myc-ARR12 were used
(L5 and L6), immunoblot analysis with the anti-Myc
antibody confirming production of the full-length fu-
sion protein (Fig. 7B, inset). ChIP-qPCR confirmed
binding of myc-ARR12 to the promoter region of the

type-A response regulator ARR15, a known primary
response gene, as compared to TUB2 (TUBULIN BETA
CHAIN2), which served as a negative control (Fig. 7B).
We therefore examined myc-ARR12 binding toHEMA1,
the gene product of which catalyzes an early rate-
limiting step in chlorophyll biosynthesis, and LHCB6,
the gene product of which functions in the light har-
vesting complex of chloroplasts; expression of both
genes was responsive to cytokinin and partially de-
pendent on ARR12 (Figs. 4 and 7; Supplemental Fig.
S2). We observed binding of myc-ARR12 to the pro-
moter regions ofHEMA1 and LHCB6, based on primers
designed to amplify the region around the transcrip-
tional start site (TSS; Fig. 7, A and B). The differing
levels of binding found in the two lines were consistent
with the differing protein levels of myc-ARR12 found
in the two lines (Fig. 7B, inset). In contrast, no binding
was observed based on primers designed to amplify 39
regions of the genes at least 1 kb distant from the
promoter, which amplified similarly to the TUB2 neg-
ative control. Furthermore, we did not observe binding
to the 59-promoter or 39-untranslated regions of LHCB1.2.
Similar binding resultswere obtainedwhenwe examined
target specificity of a second B-type response regulator,
ARR10 (35S:ARR10-GFP; Fig. 7C). ChIP-qPCRperformed
with two independent lines demonstrated binding of
ARR10-GFP to the promoter regions of HEMA1 and
LHCB6, but not of LHCB1.2.

We examined the promoter regions near the TSS for
sequences implicated in the binding of type-B ARRs.
For this purpose, we took advantage of recent analysis
using protein binding microarrays, by which several
high-affinity extended binding motifs have been iden-
tified that are longer than the minimal core binding
motif originally determined (Hosoda et al., 2002; Sakai
et al., 2001; Franco-Zorrilla et al., 2014; Weirauch et al.,
2014). Consistent with an ability of ARR12 and ARR10
to bind near to the TSSs of HEMA1 and LHCB6, we
identified an extended type-B ARR binding motif
(AGATATG) on the reverse strand at position 278
relative to the TSS for HEMA1 along with multiple
core binding motifs near the TSSs for both genes;
for example, LHCB6 has seven core binding motifs
(AGAT[T/C]; Sakai et al. (2001) between 2110 and
+80 of the TSS. Taken together, these data demon-
strate thatHEMA1 and LHCB6 are primary targets for
cytokinin signaling and that cytokinin can directly
regulate genes involved in the etioplast-chloroplast
transition.

Interaction between Cytokinin and the GATA
Transcription Factors GNL and GNC

In recent years, several transcription factors that
could be involved in mediating the cytokinin response
during chloroplast development have been identified
(for review, see Cortleven and Schmülling, 2015). Among
these transcription factors, GNC and GNL/CGA1 are of
particular interest. Belonging to the same clade, these

Figure 7. ARR12 and ARR10 bind to theHEMA and LHCB6 promoters.
ChIP analysis was performed on 3-week-old seedlings of 35S:ARR12-
myc (lines L5 and L6) and 35S:ARR10-GFP (lines A1 and A2) treated
with 5 mM BA for 30 min. Following cross-linking to target DNA, the
Myc-tagged ARR12 transcription factor was immunoprecipitated by
anti-Myc antibodies and the GFP-tagged ARR10 immunoprecipitated
by anti-GFP antibodies ChIP-qPCR analysis was performed for HEMA,
LHCB6, LHCB1.2, TUB2 (negative control), and ARR15 (positive con-
trol). Primerswere designed to amplify 59 promoter regions near the TSS
as well as the 39 ends of the genes. A, Positions for DNA regions am-
plified by qPCR are shown schematically by black bars below the gene
scheme. B, ChIP-qPCR analysis for 35S:ARR12-myc based on three
biological replicates (error bars = SD). The inset shows levels of ARR12-
myc in lines L5 and L6 based on immunoblot analysis. C, ChIP-qPCR
analysis for 35S:ARR10-GFP based on two biological replicates (error
bars = SD).
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paralogs have been implicated in chloroplast develop-
ment and are inducible by cytokinin (Bi et al., 2005;
Naito et al., 2007; Köllmer et al., 2011; Chiang et al.,
2012). Therefore, they could be important factors con-
necting cytokinin with greening. Analysis of the cyto-
kinin response of GNC and GNL transcript levels in
wild type and in the ahk2 ahk3mutant showed a strong
increase of the GNL transcript level in wild type both in
dark and after 1 h of light treatment (Fig. 8, A and B).
GNC transcripts did not respond as strongly to cyto-
kinin treatment as GNL, and the only approximately
2-fold induction was similar in wild type and the ahk2
ahk3mutant. However, for both genes the amplitude of
transcript level was lower in ahk2 ahk3 mutants.
GNC and GNL transcript levels were also investi-

gated in arr single and double mutants (Supplemental
Fig. S3), and similar observations as described above for
the transcript levels of chlorophyll biosynthesis genes
(Fig. 6) were made. In dark-grown single arr mutants,
the transcript level of GNL was slightly but not signif-
icantly decreased, whereas in the arr10 arr12 and arr1
arr12 double mutants, an increased expression level
was observed. In the dark, the arr1 arr12 mutant com-
bination was, in contrast to the two other arr double
mutants, not responsive to cytokinin. Importantly, the
induction by cytokinin after 1 h of light treatment was
dampened in the single and double arr mutants, as in-
dicated by the lack of significant differences compared
to the corresponding control conditions (Supplemental
Fig. S3). No differences in GNC transcript level were
observed in the single and double arr mutants in com-
parison to wild type in the dark and after 1 h of light
treatment.
The greening rate with and without exogenous cy-

tokinin was also investigated in gnc, gnl, and gnc gnl
mutants (Fig. 8C). These mutants still responded to
cytokinin, indicating that these transcription factors
are not instrumental in mediating the response to
cytokinin.

DISCUSSION

Results from our study demonstrate that cytokinin
acts as a positive regulator on different processes of
the etioplast-to-chloroplast transition in Arabidopsis
and realizes this action by signaling through the two-
component signaling system. Cytokinin accelerates the
light-dependent transformation of etioplasts to fully
functional chloroplasts and stimulates chlorophyll
formation. More specifically, in the dark cytokinin
induces the transcripts of chlorophyll biosynthesis
genes (e.g. HEMA1, GUN4) and enhances the level of
glutamyl-tRNA reductase. Both these deetiolation-
related cytokinin responses are strongly reduced in
ahk2 ahk3 receptor mutants, indicating a role for AHK2
and AHK3. Three B-type ARRs (ARR1, ARR10, and
ARR12) mediate redundantly the transcriptional output,
and the binding of ARR12 and ARR10 to the promotors
of HEMA1 and LHCB6 indicates direct regulation of

processes related to chloroplast development by the cy-
tokinin system. Below we discuss these results in terms
of the role of the receptors and transcriptional regulation
in regulating the deetiolation response to cytokinin,
as well as evolutionary significance of this regulatory
mechanism for mediating chloroplast development and
function.

Cytokinin Regulates Multiple Processes during
Deetiolation through Action of the AHK2 and
AHK3 Receptors

Cytokinin promotes the formation of structural
components during chloroplast formation in conjunc-
tion with regulating chlorophyll biosynthesis. In the
dark, cytokinin induces early events of plastid differ-
entiation such as the formation of prethylakoid mem-
branes, which otherwise are strictly dependent on light
and suppressed in darkness. Furthermore, in the pres-
ence of light it accelerates the development of thylakoid
membranes and the disappearance of the prolamellar
body, confirming earlier observations in Arabidopsis
(Chory et al., 1994) and other species such as cucumber
(Masuda et al., 1992), lupine (Kusnetsov et al., 1998),
and barley (Yaronskaya et al., 2006). The molecular
targets by which cytokinin influences such profound
and complex changes are unknown, but one might
suspect that they are at least partially realized through
the cytokinin-dependent regulation of .100 genes en-
coding plastid-located proteins other than those involved
in chlorophyll biosynthesis (Brenner and Schmülling,
2012). As discussed in the next section, our finding that
LHCB6 is a cytokinin primary-response gene is consistent
with this hypothesis.

Better known is the more specific action of cytokinin
on the regulation of chlorophyll synthesis, of which the
first report dates back to the early years after discovery
of cytokinin (Sugiura, 1963). We observed that, in the
absence of light, cytokinin stimulated the synthesis and
accumulation of protochlorophyllide in Arabidopsis, the
concentration of which almost doubled following cyto-
kinin treatment compared to untreated controls. The
induction of the HEMA1 transcript level (Fig. 4) and the
strong increase in GluTR level (Fig. 5) after cytokinin
treatment inwild type confirms that this important early
step in chlorophyll biosynthesis leading to ALA is
positively controlled by cytokinin in Arabidopsis,
similar to what is found in cucumber (Masuda et al.,
1992, 1994, 1995) and barley (Yaronskaya et al.,
2006). The regulation of HEMA1 by cytokinin as well
as of additional chlorophyll synthesis genes (GUN4,
GUN5, CHLM) is reduced in the ahk2 ahk3 mutant,
indicating a predominant role of AHK2 and AHK3 in
mediating this cytokinin activity. The involvement
of AHK2 and AHK3 is consistent with their activity
in leaf mesophyll cells (Stolz et al., 2011) and their
cooperative functions in regulating other develop-
mental processes of the leaf and other organs
(Higuchi et al., 2004; Nishimura et al., 2004; Riefler
et al., 2006).

Plant Physiol. Vol. 172, 2016 473

Cytokinin and Etioplast-Chloroplast Transition

http://www.plantphysiol.org/cgi/content/full/pp.16.00640/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.00640/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.00640/DC1
http://www.plantphysiol.org/cgi/content/full/pp.16.00640/DC1


Transcriptional Regulation Is an Important Mechanism
Mediating the Cytokinin-Induced Greening Response

Downstream of the AHK2 and AHK3 receptors, the
transcription factors ARR1, ARR10, and ARR12 act re-
dundantly to mediate cytokinin activity during the
deetiolation process. A role of these transcription fac-
tors in regulating the chlorophyll level is also reflected
by a pale green phenotype of arr1 arr10 arr12 mutants
(Argyros et al., 2008). The tested chlorophyll biosyn-
thesis genes still respond to the cytokinin treatment in
all single and double arr mutants, but the responsive-
ness was reduced in the double mutants, indicating a
functional role for the corresponding transcription fac-
tors. However, in contrast to the ahk2 ahk3 mutants,
which showed both a reduced induction of chlorophyll
biosynthesis genes and a reduced greening during
deetiolation, we observed in the arr single and double
mutants only a reduced transcriptional response but no
reduced greening. This could be explained by the high
functional redundancy of B-type ARRs and the fact that
the lowered gene induction is still sufficient to allow for
a full physiological response.

Previously it was not known whether cytokinin-
regulated nuclear-encoded plastid-related genes are a
direct target of B-type ARRs or whether they are reg-
ulated by transcription factors acting further down-
stream of the cytokinin signaling system. The result of
the ChIP analysis revealed that at least HEMA1 and
LHCB6 are under direct control of B-type ARRs, since
both the ARR12 and ARR10 transcription factors in-
teract with their promotors near the TSS. Thus, the cy-
tokinin system directly regulates genes of the chlorophyll
biosynthesis pathway as well as genes encoding struc-
tural components of the light harvesting complex. The
extent of direct regulation of other chloroplast-related
genes remains to be determined and is difficult to eval-
uate bioinformatically, since the core cis-acting sequence
sufficient for B-type ARR binding is too short to be di-
agnostic for all cytokinin-regulated genes (Sakai et al.,
2001; Brenner and Schmülling, 2015).

Our study also sheds light on the GNL/GNC family
of transcription factors involved in chloroplast devel-
opment (Richter et al., 2010; Köllmer et al., 2011;
Hudson et al., 2011; Chiang et al., 2012). We confirm a
role for cytokinin and the B-type response regulators in
their induction (Chiang et al., 2012; Behringer and
Schwechheimer, 2015) and extend on these earlier
studies through our use of single and higher order
mutant combinations. We find that ARR1, ARR12, and
ARR10 each play a role in the induction of GNL, their
relative contribution being in the order given. Inter-
estingly, the higher order mutant combinations in-
volving these family members do not accentuate the
effects of the single mutants on GNL expression. This

Figure 8. Interaction between cytokinin and the GATA transcrip-
tion factor genes GNL and GNC during the greening response. A
and B, Analysis of transcript levels of GNL and GNC genes in 3-d-
old etiolated seedlings grown on medium (MS, no Suc) with or
without 1 mM BA in the dark and after 1 h exposure to light. Transcript
levels of the wild type (WT) in dark were set to 1. Error bars represent SE
(n$ 3). C, Greening rate in gnl, gnc, and gnc gnlmutants grown for 3 d
in dark on medium (MS, no Suc) with or without 1 mM BA. After ex-
posure to light, chlorophyll content was measured in 3-h intervals.
Diagrams shown are the average of at least three independent exper-
iments each with three replicates per time point. One replicate con-
sisted of 30 etiolated seedlings grown on one plate. Error bars
represent SE (n = 3). Letters indicate significant differences between the
wild type and the different genotypes under control condition (a) or

after BA treatment (b) or between control and BA treatment for each
genotype (c) (P, 0.05). Asterisks above brackets indicate a significant
cytokinin effect (*** P , 0.001).
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regulatory phenomenon may involve homeostatic
mechanisms that control abundance of GNL and GNC,
loss-of-function mutations in one family member hav-
ing been found to result in increased expression of the
other family member (Richter et al., 2010). We find that
both single and double gnc gnl mutants still respond
strongly to cytokinin during deetiolation, indicating
that GNC and GNL are not obligatory players in medi-
ating cytokinin action in this context, unless a compen-
satorymechanismmasks their relevance in the respective
loss-of-function mutants. This contrasts with a previ-
ously uncovered role for GNC and GNL in modulating
the ability of cytokinin to induce chloroplast division and
an increased greening rate in plants overexpressing
members of the GNC family. It was shown that these
transcription factors enhance the conversion of proplas-
tids to etioplasts in the dark (Chiang et al., 2012). Addi-
tional studies including related members of the GATA
transcription factor family are required to clarify their
role in chlorophyll biosynthesis and the greening re-
sponse. Recently, Ranftl et al. (2016) showed that other
members of the B-GATA family are required for the full
chlorophyll content in 7-d-old light-grown seedlings.
However, whether these genes also have a function in the
greening response during deetiolation has not yet been
analyzed.

Cytokinin Is an Evolutionary Conserved Modulator of
Chloroplast Development and Function

The arr1 arr10 arr12mutant, just like the cre1 ahk2 ahk3
triple receptor mutant, lacks a response to cytokinin but
still forms green leaves, indicating that chloroplasts and
chlorophyll are formed independent of cytokinin
(Higuchi et al., 2004; Nishimura et al., 2004; Riefler et al.,
2006; Argyros et al., 2008; Ishida et al., 2008). However,
the lower concentrations of chlorophyll in the mutant
leaves suggest that although cytokinin is not absolutely
required for chlorophyll biosynthesis per se, it is proba-
bly needed to obtain physiologically optimal concen-
trations. It could be that cytokinin acts as a modulator of
chlorophyll content, mediating presumably information
obtained from environmental cues and functions re-
dundantly with other systems impinging on this all-
important plant energy capturing system.
The existence of other systems acting redundantly

with cytokinin is supported by the surprising finding
that complete loss of all three B-type ARRs (ARR1,
ARR10, ARR12) resulted in a strong up-regulation of
the transcript levels of chlorophyll biosynthesis genes
and a strongly increased greening rate under control
conditions in comparison to wild type, although the
cytokinin-regulated chloroplast genes were nonre-
sponsive to the hormone in this mutant. This stronger
greening response appears to be contradictory to the
pale green phenotype of 2-week-old arr1 arr10 arr12
light-grown mutant seedlings (Argyros et al., 2008).
However, this phenotype could be the consequence of
oxidative stress arising from growth in continuous light

in combination with hampered chloroplast functioning
due to the lowered cytokinin status. It thus appears that
lack of a functional cytokinin signal transduction path-
way causes the activation of an as yet unknown com-
pensatory mechanism to overcome this loss and results
eventually in overcompensation visible as increased
greening response already without additionally applied
cytokinin.

To the best of our knowledge, a similar compensatory
mechanism acting during deetiolation has not been
previously described. Nor have such effects on gene
expression been previously reported when examining
loss-of-function mutants of the B-type ARRs. The
compensation would require that a different system,
likely to operate otherwise redundantly with cytokinin
to regulate chloroplast development and function, is
able to sense the loss of the cytokinin system and re-
spond accordingly. The altered response in the different
B-typeARRmutant backgrounds suggests the presence
of an incoherent feed-forward loop, in which the B-type
ARRs control expression of the chlorophyll biosynthetic
genes as well as of a repressor for those genes (i.e.,
an incoherent feed-forward loop). Under conditions
of strong cytokinin insensitivity, such as in the arr1
arr10 arr12mutant, the repressor is not induced and the
biosynthetic genes express at higher levels due to the
action of other transcription factors not directly in-
volved in the cytokinin response. Such incoherent feed-
forward loops and compensatory mechanisms for gene
expression play important roles in regulating photo-
synthesis in the more tractable bacterial systems (Mank
et al., 2013; Imam et al., 2014). Our results suggest that
they may play similarly important roles in photosyn-
thesis and mediating the effects of cytokinin plants.

Although the cytokinin system can apparently be
replaced, at least in part, by another system to ensure
the formation of chloroplasts and chlorophyll, cytoki-
nin must have specific physiologically relevant func-
tions in regulating chloroplast development and
greening. This is strongly suggested by similar, evolu-
tionary conserved responses in distantly related plant
species, including monocots and dicots (Cortleven and
Schmülling, 2015). This indicates that this function has
been established early, before the separation of mono-
and dicots, and has been ever since under selective
constraint. Cytokinin functions related to chloroplasts
could be more subtle than those observed during the
deetiolation response. For example, Boonman et al.
(2007, 2009) proposed that cytokinin is involved in the
regulation of whole-plant photosynthetic acclimation
to light gradients in canopies. Shaded leaves were
shown to import less cytokinin than leaves exposed to
light, and exogenous application of cytokinin or in-
creased endogenous cytokinin levels rescued the effect
of shading. Mutant analysis revealed that cytokinin is
not absolutely required for the regulation of photo-
synthetic capacity, but rather acts as one of multiple,
redundant operating mechanisms, as is probably also
the case during deetiolation (Boonman et al., 2009). A
recent survey on the role of cytokinin in photosynthesis
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concluded that the main function is the optimization of
photosynthetic activity (Cortleven and Schmülling,
2015), which is achieved at least in part through en-
hanced protection against photodamage (Procházková
et al., 2008; Cortleven et al., 2014).

CONCLUSION

A fully functional cytokinin signaling pathway is
necessary for a normal greening response during de-
etiolation, and AHK2 and AHK3 are key mediators of
cytokinin action in this process. We showed that direct
transcriptional regulation by B-type ARRs of at least
some genes relevant for chlorophyll biosynthesis and
chloroplast function is likely to be part of the molecular
mechanism mediating cytokinin action downstream of
these receptors. A completely lacking cytokinin signal-
ing pathway results in an as yet unknown compensatory
mechanism causing a strong increase in greening rate
and activation of chlorophyll biosynthesis genes. Im-
portantly, evolutionary conservation of the functions of
cytokinin in regulating chloroplast development and
functions underpin physiologically important functions
that need further investigations.

MATERIALS AND METHODS

Plant Material, Growth, and Treatment Conditions

Arabidopsis (Arabidopsis thaliana) ecotype Columbia (Col-0) was used as the
wild type. The cytokinin receptor mutants (ahk2-5, ahk3-7, cre1-2, ahk2-5 ahk3-7,
cre1-2 ahk2-5, and cre1-2 ahk3-7; Riefler et al., 2006), B-type arr mutants (arr1-4,
arr10-5, arr12-1, arr1-3 arr10-5, arr1-3 arr12-1, arr10-5 arr12-1, and arr1-3 arr10-5
arr12-1; Mason et al., 2005; Ishida et al., 2008), and GATAmutants (gnc, gnl, and
gnc gnl; Chiang et al., 2012) were obtained from the Nottingham Arabidopsis
Stock Centre. Seeds were germinated in the dark on full Murashige and Skoog
(MS) medium without Suc at 22°C, and seedlings were transferred 3 d after
stratification to light in a growth cabinet (Percival AR66L; Percival Scientific) at
22°C and a light intensity of 100 mmol m22 s21.

Pigment Analysis

Chlorophyll content was determined according to Porra et al. (1989) using
methanol as solvent. Determination of chlorophyll intermediates by HPLCwas
done according to the method of Thayer and Björkman (1990). Pigment content
was expressing per seedling or per fresh weight, which yielded similar results.

Transmission Electron Microscopy

Three-day-old seedlingswerefixated for 3 d at 4°C using vacuum infiltration
in 2% (v/v) paraformaldehyde, 2% (v/v) glutaraldehyde buffered in 50 mM

cacodylate buffer with 50 mM NaCl. Samples were washedwith 50 mM cacodylate
buffer containing 50 mM NaCl and with 50 mM glycylglycin buffer containing
100 mM NaCl. Postfixation was performed in 1% (w/v) osmium tetroxide,
buffered in 50 mM cacodylate buffer containing 50 mM NaCl for 3 h. After
washing with distilled water, leaf tissues were incubated for 1 hour in 0.1%
(w/v) tannic acid in 100 mM HEPES buffer, rinsed with water, and incubated
overnight at 4°C in water. After staining in 2% (w/v) uranylacetate for 1.5 h,
fixed tissues were dehydrated and embedded in Spurr’s epoxy resin. Ultra-
thin sections (65 nm) were obtained using a Leica Ultracut UCT ultramicro-
tome and mounted on 0.7% (w/v) formvar-coated copper grids 200 mesh.
The sections were contrasted with uranyl acetate (2% [w/v] in 50% ethanol)
followed by lead citrate (4% [w/v] solution) and examined in a FEI Tecnai
Spirit transmission electron microscope operated at 120 kV (Cortleven et al.,
2014).

Protein Isolation and Protein Gel-Blot Analysis

Three-d-old seedlings were frozen, and the material was homogenized
with a Retsch Mixer Mill MM2000 with two stainless steel beads (2-mm
diameter). Total proteinswere extracted from the homogenized leafmaterial
in a TBS-T buffer containing 150 mM NaCl, 100 mM Tris, and 1% Triton X-100
(pH 7). Protein concentration was determined according to Bradford (1976).
Proteins (4 mg) were separated by SDS-PAGE (10%) and blotted to a poly-
vinylidene fluoride membrane overnight at 4°C. The blots were blocked for
1.5 to 2 h in 1% skim milk (Sigma-Aldrich) in TBS-T buffer at room
temperature. Afterward, the blots were incubated overnight at 4°C with
the primary antibody (polyclonal GluTR-specific; kindly provided by
Dr. Boris Hedtke, HU Berlin) or for 1 h (actin, ACT, polyclonal rabbit an-
tiserum; Agisera) followed by the secondary antibody (bovine antirabbit
IgG peroxidase conjugate; Calbiochem). The primary antibody was diluted
1:1,000 (GluTR) or 1:2,500 (ACT) in the blocking solution, and the secondary
antibody was diluted 1:6,000 in 1% skim milk (in TBS-T). After each anti-
body treatment, blots were washed three times for 5 min in TBS-T. After-
ward the GluTR and ACT protein was immuno-detected using the
SuperSignal West Pico Chemiluminescent Substrate Kit (Fisher Scientific)
according to the manufacturer’s instructions. Quantification of indepen-
dent experiments (n = 5) was performed with ImageJ 1.46r (National In-
stitutes of Health).

Analysis of Transcript Levels by qRT-PCR

Total RNAwas extracted fromentire seedlings using theNucleoSpinRNA
plant kit (Machery andNagel) as described in the user’smanual. The purified
RNA concentration was determined spectrophotometrically at 260 nm using
a Nanodrop ND-1000 spectrophotometer (Nanodrop Technologies). The
RNA purity was evaluated by means of the 260/280 ratio. After a second
DNAse step (Fermentas, Life Technologies), equal amounts of starting
material (1 mg RNA) were used in a 20-mL SuperScript III Reverse Tran-
scriptase reaction. First-strand cDNA synthesis was primed with a combi-
nation of oligo(dT)-primers and random hexamers. Primer pairs were
designed, using Primer 3 Software (http://www.genome.wi.mit.edu/cgibin/
primer/primer3.cgi) under the following conditions: optimum Tm at 60°C, GC
content between 20% and 80%, 150-bp maximum length. Primers used for
reference genes and genes of interest are listed in Supplemental Table S1.
Real-time PCR using FAST SYBR Green I technology was performed on an
ABI PRISM 7500 sequence detection system (Applied Biosystems) and the
following cycling conditions (15 min 95°C, 40 cycles of 15 s at 95°C, and 15 s
at 55°C and 10s at 72°C), followed by the generation of a dissociation curve to
check for specificity of the amplification. Reactions contained SYBR Green
Master Mix (Applied Biosystems, Life Technologies), 300 nM of a gene spe-
cific forward and reverse primer and 2 mL of a 1:10 diluted cDNA in a 20-mL
reaction. Gene expression data were normalized against two or three dif-
ferent nuclear-encoded reference genes (ACT2, UBC21, and/or TAFII15)
according to Vandesompele et al. (2002) and presented relative to the control
treatment.

ChIP Analysis

ChIP-qPCR was performed with the indicated numbers of biological
replicates with two independent lines of 35S:Myc-ARR12 expressed in wild-
type background and two independent lines of 35S:ARR10-GFP expressed in
the arr1 arr10 arr12 background. The ARR12 construct was generated by
cloning a genomic DNA fragment of ARR12 into the vector pEarlyGate
203 (Early et al., 2006), using primers ATGACTGTTGAACAAAATTTA
GAA and TATGCATGTTCTGAGTGAACT for initial amplification of ARR12.
The ARR10 construct has been described (Shanks et al., 2016). Seedlings were
grown on vertical plates with 13MSmediawith vitamins and 1% (w/v) Suc for
3 weeks under 50-mE light intensity, and then treated with 5 mM BA in liquid
MS media for 30 min. Tissue cross-linking, chromatin isolation, and immuno-
precipitation were performed as described (Zhang et al., 2013). Immunopre-
cipitation was performed using anti-Myc (ab9132, Abcam) or anti-GFP (ab290,
Abcam) antibodies and MagnaChIP protein A+G Magnetic beads (EMD Mil-
lipore). Input and ChIP DNA were examined by qRT-PCR using the primers
listed in Supplemental Table S1. Promoter (59) and 39 regions for HEMA1,
LHCB6, and LHCB1.2 were amplified as indicated; the TUB2 promoter region
was used as a negative control and the ARR15 promoter region as a positive
control.
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Statistical Analysis

Statistical analyseswere performedusing SASv.9.2 (SAS Institute). Greening
rate data (Figs. 2 and 8C; Supplemental Fig. S1) were first analyzed by 2-way
ANOVA to define a significant cytokinin or genotype effect. Afterward, all
datasets were analyzed for each time point by 1-way ANOVA, followed by
Tukey’s post hoc test. Pairwise comparisons were made between wild type and
the different genotypes in control conditions (labeled a), between wild type
and the different genotypes after cytokinin treatment (b), and between control
and cytokinin treatment for each genotype (c). Normality and homogeneity of
variance were tested using the Shapiro-Wilk and Levene tests (Neter et al.,
1996). To meet the assumptions, datasets were transformed using log or square
root transformation.When assumptions were notmet, a nonparametric Kruskall-
Wallis test was performed followed by a Mann-Whitney test to perform a pair-
wise comparison (e.g. Fig. 3).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Greening rate in mutants of the cytokinin signal-
ing pathway.

Supplemental Figure S2. Effect of cytokinin on transcript level of genes
encoding key steps in the chlorophyll biosynthesis pathway and of
LHCB in arr double mutants.

Supplemental Figure S3. Interaction between cytokinin and the GATA
transcription factor GNL during the greening response.

Supplemental Figure S4. Effect of cytokinin on transcript level of genes
encoding key steps in the chlorophyll biosynthesis pathway and of ARR5
and LHCB1 in the arr1 arr10 arr12 mutant during dark-to-light transition.

Supplemental Table S1. Sequences of primers used in this study.
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