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Abstract Brassica rapa NGATHA1 (BrNGA1) encodes a
B3-type transcription factor. By analyzing Arabidopsis
overexpressors of BrNGA1 (BrNGA1ox), we have previously
demonstrated that BrNGA1 may be involved in negative
regulation of cell proliferation during lateral organ and root
growth. In the present study, we have found that BrNGA1ox
seedlings grown in the dark display de-etiolation pheno-
types, such as short hypocotyls, open and elongated
cotyledons, and developing true leaves. BrNGA1ox seedlings
as well as adult plants and calli are also resistant specifically
to exogenous cytokinins. These data raise the possibility that
the de-etiolation phenotypes of BrNGA1ox seedlings may
result from an alteration in cytokinin response. We set out to
test whether the de-etiolation phenotype is due to cytokinin
overproduction or constitutively activated cytokinin response.
First, BrNGA1ox was crossed to the CKX2ox plant, an
overexpression line of CYTOKIN OXIDASE 2, which is
responsible for degradation of active cytokinins. We found,
however, no difference in the de-etiolation and shoot growth
phenotypes between BrNGA1ox and BrNGA1ox CKX2ox

plants. Next, we measured the transcripts level of ARR5 and
ARR7, frequently employed as molecular markers for
cytokinin signaling and yet found no difference in their
transcripts levels of the wild-type and BrNGA1ox seedlings
and shoots. These data indicate that biological role of
BrNGA1 involved in de-etiolation seems to be associated
with neither cytokinin overproduction nor its altered signaling.
Possible molecular mechanisms by which BrNGA1 may
interfere with cytokinin responses and etiolation are discussed.

Keywords Brassica rapa . NGATHA transcription factor .

De-etiolation . Cytokinin

Introduction

The plant hormone cytokinins are important regulators of
plant growth and development, including cell division and
differentiation, photomorphogenesis, apical dominance, and
leaf senescence (Sakakibara 2006; Riefler et al. 2006).
Among natural cytokinins, N6-prenylated adenine deriva-
tives, such as N6-(Δ2isopentenyl)adenine (iP) and trans-
zeatin (tZ), are major active forms in Arabidopsis thaliana
(hereafter Arabidopsis; Sakakibara 2006). iP is synthesized
via transfer of an isoprenyl group to the adenine base of
adenosine phosphates and, then, consecutive removals of
phosphates and ribosyl moieties; tZ synthesis involves
hydroxylation of the isoprenyl group (Sakakibara 2006).
Both iP and tZ are degraded by cytokinin oxidases (Werner
et al. 2003; Sakakibara 2006).

Plants respond to cytokinins through a His-Asp phos-
phorelay system, consisting of receptor kinases, histidine
phosphotransfer proteins, and response regulators (To and
Kieber 2007; Kieber and Schaller 2010). In the Arabidopsis
genome, there are three cytokinin receptor kinases (AHK2,
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AHK3, AHK4/CRE1/WOL) that contain a cytokinin-
binding domain, a histidine kinase domain, and a receiver
domain. Five histidine-phosphotransfer proteins mediate
the phosphotransfer from the receptor kinases to the
response regulators (ARRs). There are 23 ARRs that
function as either positive or negative elements in cytokinin
signaling. Perturbations in cytokinin signaling by various
combinatorial mutations in those components cause alteration
in various cytokinin responses (Higuchi et al. 2004; Riefler
et al. 2006; To and Kieber 2007).

Many studies have presented that dark-grown (etiolated)
seedlings treated with exogenous cytokinins show photo-
morphogenetic phenotypes, such as shortening of hypoco-
tyls, cotyledon expansion, and leaf formation (Chory et al.
1994; Chin-Atkins et al. 1996). Cytokinin-resistant
mutants, such as cin4 and cnr1, also show short hypocotyls,
expanded cotyledons, and leaf development in the dark
(Vogel et al. 1998; Laxmi et al. 2006). altered meristem
program1 (amp1), high organogenic capacity (hoc), and
pga22 that are cytokinin-overproducing mutants or trans-
genic plants display the characteristic de-etiolation pheno-
type as well (Chin-Atkins et al. 1996; Catterou et al. 2002;
Sun et al. 2003). These studies suggest that cytokinins are
involved in promotion of photomorphogenesis, even in the
dark.

Recently, we have analyzed Arabidopsis overexpressors
of a Brassica rapa NGATHA gene, BrNGA1, which
encodes a B3-type transcription factor (Kwon et al. 2009).
Our study demonstrated that the BrNGA1 transcription
factor may be involved in negative regulation of cell
proliferation during lateral organ and root growth. In the
present study, we report that BrNGA1 overexpressor seed-
lings, when grown in the dark, have short hypocotyls and
expanded cotyledons and develop true leaves. We also
show that the de-etiolated phenotypes are associated with
altered response to cytokinins. However, BrNGA1 action in
the de-etiolation seems not to be involved in either
cytokinin overproduction or an alteration in the canonical
pathway of cytokinin signaling. We discuss possible
molecular mechanisms by which BrNGA1 may interfere
with cytokinin responses and etiolation.

Materials and Methods

Plant Materials

All the plants used in this study are in the Columbia-0 (Col)
accession of A. thaliana. Arabidopsis overexpressors of
BrNGA1 (BrNGA1ox) are prepared as described previously
(Kwon et al. 2009). The CKX2ox seeds were kindly
provided by Dr. Thomas Schmülling. Seeds were stratified
in water at 4°C for 3 days and then sown on wet soil and

transferred to a growth room at 23°C under a photoperiod of
16-h light/8-h darkness.

Hormone Treatment and Measurement of Growth

Seeds were sterilized in 50% of a bleaching solution
followed by 70% ethanol and stratified in water at 4°C
for 3 days. Those seeds were sown on the half-strength MS
medium plates containing 1% of sucrose with various
addenda and vertically incubated in the dark at 23°C for
7 days. For hormone treatment, the MS plate contained
various concentrations of individual hormones, all of which
were purchased from Duchefa: 0.25 μM of abcisic acid
(ABA), 1 μM of 2,4-dichloriphenoxyaceticacid (2,4-D),
1 μM of 1-aminocyclopropane-1-carboxylate (ACC), 1 μM
of N6-benzyladenine (BA), 0.5 μM of epibrassinolide (BR),
and 10 μM of gibberellic acid 3 (GA). For ABA treatment,
seeds were first allowed to germinate on a hormone-free
MS plate for 24 h, then transferred to ABA-containing
plates, and incubated for 6 days. For treatment of shoots
with cytokinin, plants were incubated horizontally on half-
strength MS plates containing various concentrations of
trans-zeatin (tZ) under a photoperiod of 16-h light/8-
h darkness for 26 days.

Callus Induction Assay

For the callus induction assay, hypocotyls were excised
with sterilized razor blades and cultured for 10 days in dark
condition and transferred to the light condition for 1 month
on the MS medium supplemented with varying concen-
trations of 2,4-D and BA.

Reverse Transcription and Quantitative PCR Analysis

For determination of transcripts levels of type-A ARR
genes, total RNAs were extracted with RNA extraction kit
(GE Healthcare) from 17-day-old, light-grown shoots or 7-
day-old dark-grown hypocotyl segments, and subjected to
reverse transcription (SuperScriptII, Invitrogen). Quantita-
tive PCR was performed using a mix containing SYBR
premix Ex-Taq (TaKaRa Bio) on an ABI 7300 real-time
PCR system (Applied Biosystems). PCR conditions are
following: a 10-min initial denaturation at 95°C, 40 cycles of
95°C for 15 s, and 56°C for 1 min. The reaction was
performed using primer pairs specific to the genes of interest:
ARR5 (5′-GCCTCGTATCGATAGATGTCTT GAAGG-3′
and 5′-TCTGATAAACTCAGACTTTGCGCGT-3′), ARR7
(5 ′-AGAGT GGAACTAGGGCTTTGCAGT-3 ′ and
5′-CTCCTTCTTTGAGACATTCTTGTATAC GAGG-3′).
ACTIN8 was amplified as a control by using the following
primer set: 5′-AGCAGAACGGGAAATTGTGAGAG-3′
and 5′-CAAATATGGCTGGAAAAGGAC T-3′. The average
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threshold cycle (Ct) values were generated and analyzed by
SDS software version 1.3 (Applied Biosystems), which used
the comparative Ct method (Livak and Schmittgen 2001).
Fold changes compared with the untreated wild-type control
were calculated after normalization to the Ct values of
ACTIN8.

Results

Phenotypes of Dark-Grown BrNGA1ox Seedlings

As mentioned above, we have previously shown that in the
light condition Arabidopsis plants overexpressing BrNGA1
(BrNGA1ox) develop small and narrow leaves as well as
short roots, which turns out to be due to reduction in cell
proliferation activities (Kwon et al. 2009). In the study, two
transgenic lines were analyzed in detail: BrNGA1ox-2
showed strong phenotypes, and BrNGA1ox-4 weak ones.
Here in this study, we examined the effect of BrNGA1
overexpression on the growth and development of dark-
grown seedlings on MS agar plates in the dark for 7 days.
We found that while dark-grown wild-type seedlings
developed typical etiolated morphology with long hypo-
cotyls and robust apical hooks, BrNGA1ox-2 seedlings
developed short hypocotyls and open hooks with elongated
cotyledons and true leaves developing (Fig. 1a, b). All the
BrNGA1ox-2 hooks opened fully, and their cotyledon
length was longer, by 1.7-fold, than that of the wild type
(Fig. 1c). BrNGA1ox-4 also showed similar phenotypes,
albeit weaker than those of BrNGA1ox-2, indicating that
BrNGA1 overexpression induces de-etiolation in the dark
condition.

Determination of Hormone Responsiveness of BrNGA1ox
Plants

De-etiolation phenotypes of dark-grown seedlings have
been often associated with defective hormonal responses
(Chory et al. 1994; Li et al. 1996; Tian and Reed 1999). In
order to examine whether BrNGA1ox phenotype is related
to hormonal responses, seedlings were grown on the MS
medium containing various hormones in the dark. Wild-type
hypocotyls responded well to the synthetic cytokinin, BA,
being reduced in length to only about 40% over untreated
wild-type control (Fig. 2a). In contrast, BrNGA1ox-2 hypo-
cotyls showed only a slight inhibition by BA, indicating that
BrNGA1ox-2 seedlings are resistant to exogenous BA.
BrNGA1ox-4 also exhibited a substantial resistance to BA.
However, BrNGA1ox hypocotyls were only slightly affected
by other hormones, although they showed a marginal
resistance to brassinosterolide and ACC, the immediate
precursor of ethylene (Fig. 2a). Growth of wild-type

hypocotyls was inhibited by both the synthetic and natural
cytokinins, BA and tZ, respectively, in a dose-dependent
manner, whereas BrNGA1ox-2 hypocotyls did not respond at
all and BrNGA1ox-4 did only moderately (Fig. 2b).

BrNGA1ox shoots were also resistant to exogenous
cytokinins: wild-type plants did not survive on the MS
medium plate containing high doses of tZ, whereas
BrNGA1ox grew well, even forming the inflorescence stem,
although their leaves tend to become smaller and narrower
as cytokinin doses increase (Fig. 3a). In addition, wild-type

Fig. 1 Phenotype of etiolated seedlings. Seedlings were grown on
vertical MS plates in the dark for 7 days. a Hypocotyl length. b De-
etiolation phenotypes of seedlings. Note the developing true leaves
(arrowheads) and elongated cotyledons in BrNGA1 overexpressors. c
Cotyledon length and percentage of cotyledon opening (the numbers
on the top of each column) as de-etiolation indices
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hypocotyl segments formed normal callus in the presence
of auxin (1 or 10 μM) and cytokinin (0.01 μM); yet, callus
growth was inhibited by high doses of tZ (Fig. 3b). In
contrast, BrNGA1ox hypocotyls formed robust calli at those
inhibitory concentrations of tZ (0.1 and 1 μM), except at an
excessive concentration of tZ (10 μM; Fig. 3b).

Taken together, all these data are consistent with the
notion that BrNGA1 overexpression confers resistance to
exogenous cytokinins on the Arabidopsis plant, as it
induces a constitutive activation of cytokinin responses,
resulting in de-etiolation in the dark.

Effects of CKX2 Overexpression on Shoot and Hypocotyl
Growth

A constitutive activation of cytokinin responses in BrNGA1ox
plants may be caused by a high amount of endogenous
cytokinins, in consequence nullifying the effect of exoge-
nously applied cytokinins. To investigate the possibility,
BrNGA1ox-2 and a cytokinin oxidase-overexpressing plant,

shortly CKX2ox (Werner et al. 2003), were crossed to each
other or to wild-type plants. The F1 progeny of the crosses
were used for analyses of shoot and hypocotyl phenotypes.
CKX2 gene encodes one of cytokinin oxidases that catalyze
degradation of active cytokinins, such as iP and tZ. It has
been demonstrated that overexpression of CKX2 reduces
endogenous level of cytokinins, resulting in cytokinin-
deficient phenotypes, including small size of plants (Werner
et al. 2003). CKX2ox plants heterozygous for the transgene
were smaller than the wild-type plant (Fig. 4a). Similarly,
heterozygous BrNGA1ox-2 plants were also smaller than the
wild-type plant (Fig. 4a; Kwon et al. 2009). Meanwhile, the
F1 plant that harbors both heterozygous BrNGA1ox and
CKX2ox did not differ in size from the heterozygous
BrNGA1ox plant (Fig. 4a). The same pattern was also
observed in hypocotyl growth in the dark: hypocotyl length
of the F1 seedlings with both heterozygous BrNGA1ox and
CKX2ox was not different from that of the heterozygous
BrNGA1ox seedlings, although CKX2ox hypocotyl length
was significantly longer than the wild-type one (Fig. 4b).
These results indicate that downregulation of cytokinin level
by CKX2 overexpression did not affect growth phenotypes
of BrNGA1ox plants, further suggesting that de-etiolation
phenotypes and cytokinin resistance of BrNGA1ox plants are
unlikely to be due to an excessive amount of endogenous
cytokinins.

Expression Patterns of Arabidopsis Response Regulator
Genes

Conclusion from the above experiments raises another
possibility that de-etiolation phenotypes and cytokinin resis-
tance of BrNGA1ox might be the result of a perturbation in
cytokinin responsiveness, rather than a homeostatic alteration
in cytokinin content. To test the hypothesis, we determined
expression levels of the type-A ARR genes, ARR5 and
ARR7, by performing real-time PCRs after application of
cytokinins to the shoot or hypocotyl tissues (Fig. 5a, b). It
has been well documented that expression of ARR5 and
ARR7 genes increases greatly in response to exogenous
cytokinins (Argyros et al. 2008). However, we found no
significant difference in either the basal or cytokinin-induced
levels of ARR mRNAs between the wild-type and
BrNGA1ox shoots and hypocotyl segments (Fig. 5a, b).
These results indicate that BrNGA1ox plants show normal
cytokinin signaling, at least, leading to the transcriptional
activation of the type-A ARR genes, as wild-type plants do.

Discussion

Arabidopsis plants producing an excessive amount of
endogenous cytokinin induce strong cytokinin responses.

Fig. 2 Hypocotyl growth responses to exogenous hormones. a
Changes in hypocotyl length of transgenic seedlings were compared
with those of wild-type ones in response to application of various
hormones. Final concentration of ABA, 0.5 μM; IAA, 1 μM; ACC,
0.5 μM; BA, 1 μM; BR, 0.5 μM, GA, 10 μM. b Hypocotyl length in
response to various concentrations of exogenous cytokinins. Seedlings
were grown on vertical MS plates containing hormones in the dark for
7 days

122 J. Plant Biol. (2011) 54:119–125



amp1 mutant overproducing cytokinins showed pleiotropic
phenotypes, most of which can be phenocopied by
exogenous treatment of cytokinins, including short hypo-
cotyls and primary roots, de-etiolation in darkness, reduced
apical dominance (Chaudhury et al. 1993). Another
cytokinin-overproducing mutant hoc showed strong cyto-
kinin responses similar to amp1, causing de-etiolation in
the dark, such as short hypocotyls, cotyledon expansion,
and true leaf development (Catterou et al. 2002). An
increased level of cytokinins by conditional AtIPT-dependent
biosynthesis also elicited typical de-etiolation responses,
including short hypocotyl and roots, open cotyledons, the
absence of apical hook, and true leaf initiation in darkness
(Kuderová et al. 2008; Sun et al. 2003). Tobacco plants

manipulated to express the ipt gene from Agrobacterium
tumefaciens were short in height and have narrow and dark
green leaves, underdeveloped roots, and increased growth of
axillary buds (Hewelt et al. 1994; Medford et al. 1989;
Smigocki 1991).

BrNGA1ox-2 and BrNGA1ox-4 plants display strong and
moderate phenotypes, respectively, that are reminiscent of
cytokinin-overproducing responses in the light and dark. In
other words, BrNGA1ox plants are resistant specifically to
exogenous cytokinins (Figs. 2 and 3) and developed true
leaves and open cotyledons in the dark as well as short
hypocotyls (Fig. 1). They also produce more axillary
leaves, which is indicative of reduced apical dominance,
compared to wild type, and their leaf color is darker green

Fig. 3 Shoot and callus growth
responses to various concentra-
tions of exogenous cytokinins.
a Shoot growth phenotypes in
response to exogenous BA.
Seedlings were grown on MS
plates containing BA in the light
for 26 days. b Callus growth
in response to exogenous BA
and 2,4-D
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than wild-type one (data not shown). These phenotypes are
highly similar to those of cytokinin-overproducing plants.
Therefore, it is conceivable that BrNGA1 overexpression
may induce constitutive cytokinin responses; thus, BrNGA1
gene may play a role in regulating cytokinin responses.

When we prepared Arabidopsis plants overexpressing A.
thaliana NGA1 (AtNGA1) through AtNGA4, those over-
expressors also developed shorter hypocotyls and cytokinin
resistance (S.H.K and J.H.K, data not shown), suggesting
that those phenotypes are a general feature of overexpressors
of NGA family members. Furthermore, we also found that
single or multiple loss-of-function mutants of AtNGA1
through AtNGA4 genes developed much longer hypocotyls
than those of the wild type, although it remained to be
determined whether or not those mutants displayed an
altered responses to hormones, including cytokinins (S.H.K
and J.H.K, data not shown).

How could BrNGA1 overexpression induce constitutive
cytokinin responses? First, we hypothesized that BrNGA1
overexpression might induce overproduction of cytokinins.
However, BrNGA1ox plants with CKX2ox were not different
in shoot and hypocotyl phenotypes from BrNGA1ox plant
lacking it, despite cytokinin-deficient phenotypes of the

heterozygous CKX2ox plants (Fig. 4). These results suggest
that phenotypes of BrNGA1ox may not be due to an
increased amount of endogenous cytokinins. Next, it is
possible that BrNGA1 may constitutively activate the
cytokinin phosphorelay signaling. However, we failed to
detect any difference in the transcript level of the type A-
ARR genes, ARR5 and ARR7, indicating that overexpression
of BrNGA1 does not interfere with cytokinin phosphorelay
signaling either.

Taken together, de-etiolation phenotypes of BrNGA1ox
plants seem to be associated with neither cytokinin
overproduction nor the phosphorelay signaling pathway.
Nonetheless, we cannot rule out other possibilities in regard
to cytokinin signaling pathway. First, BrNGA1 may be
involved in other pathways in which induction of the type-
A ARR5 and ARR7 is not required. For instance, type-C
ARRs, ARR22 and ARR24, are not transcriptionally regu-
lated by cytokinins; yet, their overexpression inhibits
cytokinin signaling, causing insensitivity to cytokinin (Kiba
et al. 2004, 2005; Gattolin et al. 2006). Second, BrNGA1
may interfere with a later step of cytokinin responses
following after the induction of type-A ARRs. Lastly,
BrNGA1 may be involved in an alternative cytokinin

Fig. 5 Reverse transcription and quantitative PCR determination of
mRNA levels of type-A ARR genes. Plants were grown on soil and
treated with or without 10 μM BA for 1 h, and seedlings were grown
on MS plates with or without 1 μM BA for 7 days. Total RNAs were
isolated from the shoots and hypocotyls of wild-type and BrNGA1ox-
2. a Expression level of ARR5 and ARR7 in the shoots. b Expression
level of ARR5 and ARR7 in the hypocotyl. Black bars are control
groups; grays are treated with BA

Fig. 4 Effect of CKX2ox on the shoot and hypocotyl growth. a Shoot
phenotypes. Seedlings were grown on soil during 26 days. b
Hypocotyl length. Seedlings were grown on vertical MS plates in
the dark for 7 days. Scale bar=10 mm
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signaling. For instance, the CYTOKININ RESPONSE
FACTORs do not require ARR pathway and, yet, mediate a
part of cytokinin signaling (Rashotte et al. 2006). Further-
more, it still remains to be determined whether there are
additional cytokinin perception systems or not (Kieber and
Schaller 2010).

In conclusion, overexpression of BrNGA1 gene confers
de-etiolation and cytokinin resistance on dark-grown seed-
lings, although elucidation of the particular mechanism leading
to those phenomena requires further studies in the future.

Acknowledgments This research was supported by the Korea
Science and Engineering Foundation (R01-2008-000-20648-0); Basic
Science Research Program through the National Research Foundation
of Korea (NRF) funded by the Ministry of Education, Science and
Technology (2009-00765517). We thank Dr. Thomas Schmülling for
sharing CKX2ox lines and Doo Young Hwang for his excellent
technical assistance.

References

Argyros RD, Mathews DE, Chiang YH, Palmer CM, Thibault DM,
Etheridge N, Argyros DA, Mason MG, Kieber JJ, Schaller GE
(2008) Type B response regulators of Arabidopsis play key roles in
cytokinin signaling and plant development. Plant Cell 20:2102–2116

Catterou M, Dubois F, Smets R, Vaniet S, Kichey T, Van Onckelen H,
Sangwan-Norreel BS, Sangwan RS (2002) hoc: an Arabidopsis
mutant overproducing cytokinins and expressiong high in vitro
organogenic capacity. Plant J 30:273–287

Chaudhury AM, Letham S, Craig S, Dennis ES (1993) amp1- a
mutant with high cytokinin levels and altered embryonic pattern,
faster vegetative growth, constitutive photomorphogenesis and
precocious flowering. Plant J 4:907–916

Chin-Atkins AM, Craig S, Hocart CH, Dennis ES, Chaudhury AM (1996)
Increased endogenous cytokinin in the Arabidopsis amp1 mutant
corresponds with de-etiolation responses. Planta 198:549–556

Chory J, Reinicke D, Sim S, Washburn T, Brenner M (1994) A role
for cytokinins in de-etiolation in Arabidopsis. Plant Physiol
104:339–347

Gattolin S, Alandete-Saez M, Elliott K, Gonzalez-Carranza Z,
Naomab E, Powell C, Roerts JA (2006) Spatial and temporal
expression of the response regulators ARR22 and ARR24 in
Arabidopsis thaliana. J Exp Bot 57:4225–4233

Hewelt A, Prinsen E, Schell J, Van Onckelen H, Schumülling T
(1994) Promoter tagging with a promoterless ipt gene leads to
cytokinin-induced phenotypic variability in transgenic tobacco
plants: implications of gene dosage effects. Plant J 6:879–891

Higuchi M, Pischke MS, Mahonen AP, Miyawaki K, Hashimoto Y,
Seki M, Kobayashi M, Shinozaki K, Kato T, Tabata S, Helariutta
Y, Sussman MR, Kakimoto T (2004) In planta functions of the
Arabidopsis cytokinin receptor family. Proc Natl Acad Sci USA
101:8821–8826

Kiba T, Aoki K, Sakakibara H, Mizuno T (2004) Arabidopsis
response regulator, ARR22, ectopic expression of which results

in phenotypes similar to the wol cytokinin receptor mutant. Plant
Cell Physiol 45:1063–1077

Kiba T, Naitou T, Koizumi N, Yamashino T, Sakakibara H, Mizuno T
(2005) Combinatorial microarray analysis revealing Arabidopsis
genes implicated in cytokinin responses through the His>Asp
phosphorelay circuitry. Plant Cell Physiol 46:339–355

Kieber JJ, Schaller GE (2010) The perception of cytokinin: a story
50 years in the making. Plant Physiol 154:487–492

Kuderová A, Urbánková I, Válová M, Malbeck J, Brzobogaty B,
Némethová D, Hehátko J (2008) Effects of conditional IPT-
dependent cytokinin overproduction on root architecture of
Arabidopsis seedlings. Plant Cell Physiol 49:570–582

Kwon SH, Lee BH, Kim EY, Seo YS, Lee SM, Kim WT, Song JT, Kim
JH (2009) Overexpression of a Brassica rapa NGATHA gene in
Arabidopsis thaliana negatively affects cell proliferation during
lateral organ and root growth. Plant Cell Physiol 50:2162–2173

Laxmi A, Paul LK, Raychaudhuri A, Peters JL, Khurana JP (2006)
Arabidopsis cytokinin-resistant mutant, cnr1, displays altered
auxin responses and sugar sensitivity. Plant Mol Biol 62:409–425

Li J, Nagpal P, Vitart V, McMorris TC, Chory J (1996) A role for
brassinosteroids in light-dependent development of Arabidopsis.
Science 272:398–401

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression
data using real-time quantitative PCR and the 2(-Delta Delta C
(T)) method. Methods 25:402–408

Medford JI, Horgan RH, El-Sawi Z, Klee HJ (1989) Alterations of
endogenous cytokinins in transgenic plants using a chimeric
isopentenyl transferase gene. Plant Cell 1:403–413

Rashotte AM, Mason MG, Hutchison CE, Ferreira FJ, Schaller GE,
Kieber JJ (2006) A subset of Arabidopsis AP2 transcription
factors mediates cytokinin responses in concert with a two-
component pathway. Proc Natl Acad Sci 103:11081–11085

Riefler M, Novak O, Strnad M, Schmülling T (2006) Arabidopsis
cytokinin receptor mutants reveal functions in shoot growth, leaf
senescence, seed size, germination, root development, and
cytokinin metabolism. Plant Cell 18:40–54

Sakakibara H (2006) Cytokinins: activity, biosynthesis, and translo-
cation. Ann Rev Plant Biol 57:431–449

Smigocki AC (1991) Cytokinin content and tissue distribution in
plants transformed by a reconstructed isopentenyl transferases
gene. Plant Mol Biol 16:105–115

Sun J, Niu QW, Tarkowski P, Zheng B, Tarkowska D, Sandberg G,
Chua NH, Zuo J (2003) The Arabidopsis AtIPT8/PGA22 gene
encodes an Isopentenyl transferases that is involved in de novo
cytokinin biosynthesis. Plant Physiol 131:167–176

To JPC, Kieber JJ (2007) Cytokinin signaling: two-components and
more. Trends Plant Sci 13:85–92

Tian Q, Reed JW (1999) Control of auxin-regulated root development
by the Arabidopsis thaliana SHY2/IAA3 gene. Development
126:711–721

Vogel JP, Schuerman P, Woeste K, Brandstatter I, Kiever JJ (1998)
Isolation and characterization of Arabidopsis mutants defective in
the induction of ethylene biosynthesis by cytokinin. Genetics
149:417–427

Werner T, Motyka V, Laucou V, Smets R, Van Onckelen H,
Schumülling T (2003) Cytokinin-deficient transgenic Arabidop-
sis plants show multiple developmental alterations indicating
opposite functions of cytokinins in the regulation of shoot and
root meristem activity. Plant Cell 15:2532–2550

J. Plant Biol. (2011) 54:119–125 125


	Overexpression of Brassica rapa NGATHA1 Gene Confers De-Etiolation Phenotype and Cytokinin Resistance on Arabidopsis thaliana
	Abstract
	Introduction
	Materials and Methods
	Plant Materials
	Hormone Treatment and Measurement of Growth
	Callus Induction Assay
	Reverse Transcription and Quantitative PCR Analysis

	Results
	Phenotypes of Dark-Grown BrNGA1ox Seedlings
	Determination of Hormone Responsiveness of BrNGA1ox Plants
	Effects of CKX2 Overexpression on Shoot and Hypocotyl Growth
	Expression Patterns of Arabidopsis Response Regulator Genes

	Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


