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Abstract

Eukaryotes contain a ubiquitous family of autophagy-

associated Atg8 proteins. In animal cells, these pro-

teins have multiple functions associated with growth,

cancer, and degenerative diseases, but their functions

in plants are still largely unknown. To search for novel

functions of Atg8 in plants, the present report tested

the effect of expression of a recombinant AtAtg8

protein, fused at its N-terminus to green fluorescent

protein (GFP) and at its C-terminus to the haemagglu-

tinin epitope tag, on the response of Arabidopsis

thaliana plants to the hormones cytokinin and auxin

as well as to salt and osmotic stresses. Expression of

this AtAtg8 fusion protein modulates the effect of

cytokinin on root architecture. Moreover, expression

of this fusion protein also reduces shoot anthocyanin

accumulation in response to cytokinin feeding to the

roots, implying the participation of AtAtg8 in cytokinin-

regulated root–shoot communication. External appli-

cation of cytokinin leads to the formation of novel

GFP–AtAtg8-containing structures in cells located in

the vicinity of the root vascular system, which are

clearly distinct in size and dynamic movement from the

GFP–AtAtg8-containing autophagosome-resembling

structures that were observed in root epidermis cells.

Expression of the AtAtg8 fusion construct also ren-

ders the plants more sensitive to a mild salt stress and

to a lesser extent to a mild osmotic stress. This

sensitivity is also associated with various changes in

the root architecture, which are morphologically dis-

tinct from those observed in response to cytokinin.

The results imply multiple functions for AtAtg8 in

different root tissues that may also be regulated by

different mechanisms.

Key words: Atg8, autophagy, cytokinin, cytokinin signalling,

GFP, root architecture.

Introduction

Autophagy is a multifunctional degradation machinery
in eukaryotic organisms (Huang and Klionsky, 2002;
Mizushima et al., 2002; Wang and Klionsky, 2003;
Thompson and Vierstra, 2005; Patel et al., 2006;
Bassham, 2007; Scherz-Shouval and Elazar, 2007). One
of the central proteins of autophagy is Atg8, which is
encoded by a single gene in yeast and by large gene
families in higher eukaryotes, including mammals and
plants (Stromhaug and Klionsky, 2001; Doelling et al.,
2002; Mizushima et al., 2002). The mammalian Atg8
isoforms have been shown to participate in multiple
processes, such as intra-Golgi trafficking (Legesse-Miller
et al., 1998; Elazar et al., 2003; Scherz-Shouval and
Elazar, 2007), post-mitotic Golgi reassembly (Muller
et al., 2002; Scherz-Shouval and Elazar, 2007), interaction
with receptors, cytoskeleton elements, and polyubiquitin-
binding proteins (Mann and Hammarback, 1994; Wang
et al., 1999; Wang and Olsen, 2000; Ketelaar et al., 2004;
Mansuy et al., 2004; Chen et al., 2006; Pankiv et al.,
2007), and associations with numerous diseases (Shintani
and Klionsky, 2004). In contrast, much less is known
about the functions of the Atg8 proteins of plants. Using
fusion constructs of green fluorescent protein (GFP) to
Arabidopsis Atg8 (AtAtg8), it had been shown that under
nutrient starvation stresses, AtAtg8 proteins are processed
by the Atg4 protease and assembled into autophagosome-
resembling structures that are delivered to the vacuoles, in
a similar manner to their mammalian and yeast
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counterparts (Yoshimoto et al., 2004; Contento et al.,
2005; Su et al., 2006). In addition, under nutrient-limiting
conditions, the tobacco (Nicotiana tabacum) Atg8 had
been suggested to be involved in the transport of protein
aggregates containing cytochrome b5 to the vacuole
(Toyooka et al., 2006). Yet, Atg8 genes, like other
autophagy-associated genes, are also actively expressed in
plants under normal growth conditions and their encoded
Atg8 proteins are incorporated into autophagosome-
resembling structures inside vacuoles (Slavikova et al.,
2005; Inoue et al., 2006), implying a multifunctional role
for these proteins in plants, similarly to animals.
To search for novel functions of Atg8 in plants,

Arabidopsis plants expressing an Arabidopsis Atg8f iso-
form fused at its N-terminus to GFP and at its C-terminus
to a haemagglutnin (HA) epitope tag (GFP–AtAtg8f-HA)
(Slavikova et al., 2005) were subjected to external feeding
of cytokinin or auxin as well as to salt and osmotic
stresses. The results show that GFP–AtAtg8f-HA expres-
sion modulates root architecture as well as shoot anthocy-
anin accumulation in response to external feeding of
cytokinin into the roots. In addition, GFP–AtAtg8f-HA
expression appears to render the plants more sensitive to
a mild salt stress, and to a lesser extent also to osmotic
stress. These results suggest a novel physiological role for
autophagy-associated Atg8 proteins in the regulation of
root architecture and root–shoot communication.

Materials and methods

Plant material and growth conditions

Wild-type and transgenic Arabidopsis seeds were surface-sterilized
in 50% bleach and dispersed on plates containing solid Nitsch
medium (Nitsch, 1970) with 2% sucrose and 50 mg ml�1

kanamycin. The plates were incubated for 2 d at 4 �C in the dark
in order to break seed dormancy. The plates were then transferred to
a growth chamber under a long-day regime of a 16 h light/8 h dark
cycle at 24 �C, and light intensity of ;30 lExm�2 s�1. To
eliminate potential problems of co-suppression, seeds were first
germinated on medium containing kanamycin for ;7–10 d and
well-developed seedlings were then transferred either to new plates
with the same medium lacking kanamycin or to soil, and subjected
to the different experiments described in the Results. The short-day
regime included growth under a 12 h light/12 h dark cycle at 24 �C.
For exposure to N starvation conditions, 7-day-old seedlings

grown on Nitsch medium containing 2% sucrose and 50 mg ml�1

kanamycin in the long-day regime were transferred to N-deficient
medium containing: Murashige and Skoog micronutrient salts,
3 mM CaCl2, 1.5 mM MgSO4, 1.25 mM KH2PO4, 5 mM KCl,
2 mM MES (pH 5.7) for the length of time indicated in the Results.
The short-day regime included growth on a 12 h light/12 h dark
cycle at 24 �C.

Root analysis

Seedlings were grown vertically in plates and the position of the
main root was labelled on the plates every 72 h using a marker in
order to follow its growth. The main root length was measured after
10 d, and the number of adventitious and lateral roots was counted

under a binocular microscope. Measurements included at least
40 different plants per genotype.

Concanamycin A treatment, confocal microscopy, and light

microscopy

Concanamycin A treatment and confocal microscopy were per-
formed as described previously (Slavikova et al., 2005).
For light microscopy analysis, roots and their nodule-resembling

structures were fixed in 4% paraformaldehyde and 4% dimethyl-
sulphoxide (DMSO) in phosphate-buffered saline (PBS) at pH 7.0.
A vacuum was applied to the samples for 15 min and released
slowly. After 24 h, samples were rinsed in PBS and dehydrated in
an ethanol series of 30, 40, 50, 60, 70, and 85% (60 min each), then
incubated overnight in 95% ethanol plus eosin, and finally rinsed
four times in 100% ethanol plus eosin for 60 min each. The samples
were then processed in a Histoclear series (25, 50, 75, and 100%)
for 60 min each and subsequently in Histoclear containing in-
creasing volumes of Paraplast chips (0.25, 0.5, and 0.75 vol.) at
42 �C first and then at 60 �C for several hours each. The samples
were then placed in freshly melted wax (paraplast), which was
changed twice a day for 3 d at 60 �C. Finally, samples were placed
in moulds and stored at 4 �C.
Sections of 8 lm were obtained with a Leica RM 2165 Rotary

Microtome. Ribbons of sections were floated on top of double-
distilled water and allowed to adhere to Probe On Plus Slides for at
least 48 h, at 40 �C. Before staining, the sections were deparaffi-
nized and rehydrated in a Histoclear series (100% and 50%) and in
an ethanol series (100, 95, and 70%), and then in double-distilled
water. Sections were stained with 1% safranin for 1–3 min, then
rinsed thoroughly in double-distilled water. The sections were
dehydrated in ethanol (100% and 95%) and then dipped in
Histoclear and mounted with Entellan. Sections were examined
using a Nikon Eclipse E800 light microscope, and photographs
were obtained with an Optronics camera.

Conductivity measurement

Electrolyte leakage in the seedlings was estimated as previously
described (Cao et al., 2007). Seedlings were agitated in double-
distilled water for 30 min on an orbital shaker and the electrolyte
loss in liquid was measured with a conductivity meter (C1)
(Electronic Switchgear, London). After this conductivity measure-
ment, the samples were boiled at 100 �C for 10 min, then cooled
thoroughly at room temperature and the conductivity of the liquid
was measured again (C2). The relative electrolyte leakage values
were calculated as the C1/C2 ratio.

Anthocyanin analysis

Anthocyanin extraction and estimation was performed as previously
described (Laxmi et al., 2006). Well-germinated seedlings were
transferred to plates containing Nitsch medium with 2% sucrose and
100 ng ml�1 zeatin. After 10 d of growth, seedlings were weighed
and used for anthocyanin extraction with 3 ml of 1% (v/v) of acidic
methanol overnight. The following day, 3 ml of chloroform and
2 ml of double-distilled water were added to the extract. After phase
separation, the top aqueous phase was used for spectrophotometrical
measurements at 530 nm and 657 nm with a V-630 spectrophotom-
eter (Jasco, USA). The total amount of anthocyanin was calculated
as A530 minus A657 g

�1 fresh weight.

RNA extraction, cDNA synthesis, and quantitative RT-PCR

analysis

Total RNA was extracted from frozen plant tissue using an SV
Total RNA Isolation kit (Promega) according to the manufacturer’s
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instructions. cDNA was synthesized using 3 lg of total RNA as
a template with oligo(dT) primer and AMV reverse transcriptase
(CHIMERx) according to the manufacturer’s instructions. Real-time
quantitative PCRs were performed in an optical 96-well plate using
the ABI PRISM 7300 Sequence Detection System (Applied
Biosystems, Scoresby, Victoria, Australia) and SYBR Green I for
monitoring double-stranded DNA synthesis. For all PCRs, the
following standard thermal profile was used: 50 �C for 2 min;
95 �C for 15 min; 40 cycles of 95 �C for 15 s and 60 �C for 1 min.
In order to compare data from different cDNA samples, CT

(threshold cycle) values for all genes were normalized to the CT

values of cyclophilin (At2g36130), which was used as internal
reference in all experiments. Oligonucleotides used for amplification
of cyclophilin cDNA were 5#-TGGCGAACGCTGGTCCTAATA-
CA-3# and 5#-CAAAAACTCCTCTGCCCCAATCAA-3#. All pri-
mers were designed using the Primer Express 2.0 software (Applied
Biosystems). The sequence of sense and antisense primers corre-
sponded to two consecutive exons of the studied genes excluding
any genomic DNA amplification. The real-time PCR data were
analysed using the comparative CT method with appropriate
validation experiments performed beforehand (Applied Biosystems,
User Bulletin #2, http://home.appliedbiosystems.com/). All experi-
ments were repeated at least three times with cDNA templates
prepared from three independent batches of plants, and every
reaction was set up in duplicate.
Primers used for the qRT-PCR analysis include: phenylalanine

ammonia lyase 1 (PAL1; AT2G37040) forward primer (FP), 5#-
AAGCCTGAGTTCACCGATCATC, reverse primer (RP), 5#-TAC-
GAGCTTCCGTCGAGGAT; chalcone synthase (CHS; AT5G13930)
FP, 5-GGAGAAGTTCAAGCGCATGTG, RP, 5-CATGTGACGTT-
TCCGAATTGTC; and dihydroflavonol 4-reductase (DFR)
(AT5G42800) FP, 5#-TTCCTCTCATGATGCAACCATTC, RP, 5#-
GATTCTCATCAACACCTTCAAACGT.

Results

Effect of expression of the GFP–AtAtg8f-HA
polypeptide on the response of Arabidopsis plants to
limiting nitrogen levels and a short-day regime

Autophagy is known as a multifunctional mechanism
that is associated with many other physiological and
cellular processes in eukaryotes (Huang and Klionsky,
2002; Mizushima et al., 2002; Wang and Klionsky, 2003;
Thompson and Vierstra, 2005; Patel et al., 2006;
Bassham, 2007; Scherz-Shouval and Elazar, 2007). A key
regulatory component in autophagy is Atg8, which not
only functions in the biogenesis of starvation-induced
autophagosomes, but also plays an important role in the
cross-talk between autophagy and other cellular and
physiological networks through its physical interactions
with multiple cellular components. The aim of the present
report was to elucidate novel Atg8-mediated cross-
reactions of autophagy with various physiological and
hormonal processes in Arabidopsis plants. Since Arabi-
dopsis plants possess nine Atg8 isoforms, which renders
suppression approaches unfeasible, the present study used
transgenic plants expressing a single AtAtg8f isoform
fused at its N-terminus to GFP and at its C-terminus to
three copies of the HA epitope tag (GFP–AtAtg8f-HA)

under the control of the 35S promoter. These transgenic
plants have been described previously (Slavikova et al.,
2005).
Limiting nitrogen and carbon levels are known to

stimulate autophagy, and it has been shown previously
that knockout mutants in a number of proteins belonging
to the core machinery of autophagy render Arabidopsis
plants more sensitive to nitrogen and carbon starvation
(Doelling et al., 2002; Hanaoka et al., 2002; Yoshimoto
et al., 2004; Thompson and Vierstra, 2005; Phillips et al.,
2008). Hence, the effect of expression of the GFP–
AtAtg8f-HA construct on the response of the plants to
nitrogen-limiting conditions and to a short-day regime that
limits photosynthesis was first tested. As a control, trans-
genic plants expressing a non-related gene encoding
a b-glucoronidase (GUS) reporter protein (hereafter
termed ‘control’ plants) were used. Control and GFP–
AtAtg8f-HA seedlings were germinated on Nitsch me-
dium containing kanamycin for 7 d to eliminate potential
problems of co-suppression and then well-developed
seedlings were transferred to new regular (+N) and
N-deficient (–N) Nitsch media for increasing lengths of
time. As shown in Fig. 1A, on both the +N and –N media,
the GFP–AtAtg8f-HA plants grew to a slightly larger size
than the control plants and also growth on –N medium
delayed the development of a flowering stem in the
control, but not in the GFP–AtAtg8f-HA plants (compare
right and left panels in the upper and lower pairs). To test
the effect of carbon limitation on the growth of the control
and GFP–AtAtg8f-HA plants, well-developed 7-day-old
seedlings, germinated on kanamycin-containing medium,
were transferred to soil and grown in a growth room under
a short-day regime to limit photosynthesis. Also under
these growth conditions, the GFP–AtAtg8f-HA-expressing
plants had significantly larger shoots and leaves, and also
developed the first flowering stem significantly earlier
than the control plants (Fig. 1B, C). The size of the leaf
epidermis cells, as determined by scanning electron
microscopy, was comparable between the two genotypes,
indicating that the larger leaf size of the GFP–AtAtg8f-
HA plants was mostly due to a larger number of cells
(Fig. 1D). Next, seedlings that were germinated on Nitsch
medium containing kanamycin for 7 d were transferred to
soil, left to grow under short-day conditions for an
additional 4 weeks to maintain a relatively low level of
fixed carbon, and then transferred to darkness for up to
13 d. Growth under the short-day regime again resulted in
larger leaf size in the GFP–AtAtg8f-HA plants compared
with the control plants (Fig. 1E; compare top and bottom
left panels; 0 days). Yet, transfer to darkness had no
marked effect on the senescence of the GFP–AtAtg8f-HA
plants, compared with the control plants, and in fact the
GFP–AtAtg8f-HA plants tended to be slightly greener
than the control plants upon exposure to the dark (Fig. 1E;
compare top and bottom panels of 3–13 days). Hence, in
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contrast to autophagy-deficient atg knockout mutants,
which are generally slightly smaller, flower later, senesce
earlier, and are more sensitive to both N starvation and
a short-day photoperiod than wild-type plants (see
Thompson and Vierstra, 2005; Downes and Vierstra,
2005, and references therein), expression of GFP–
AtAtg8f-HA under the 35S promoter enhances plant
growth (leaf size), does not enhance senescence under

limiting nutrient stress, and accelerates flowering under
nutrient-limiting and short-day growth conditions. This
implies that GFP–AtAtg8f-HA expression may enhance
autophagy at least with respect to these physiological
processes. The only deviation from the above atg
knockout phenotypes is the Atatg9 knockout mutant,
which possesses an accelerated rather than a delayed
flowering (Hanaoka et al., 2002).

Fig. 1. Effect of expression of the GFP–AtAtg8f-HA polypeptide on the response of Arabidopsis plants to limiting nitrogen levels and short day
regime. (A, B) Morphology of representative control and GFP–AtATG8-HA-expressing plants germinated on Nitsch medium containing kanamycin
for 7 d and then transferred to N– medium for 2 weeks under a long-day photoperiod (A) or to soil for 4 weeks under a short-day photoperiod (B).
(C) The three oldest fully expanded rosette leaves from representative plants described in B. (D) Scanning electron microscopy pictures taken from 6-
week-old fully expanded rosette leaves of control and GFP–AtATG8-HA-expressing plants grown as described in B. Representative pictures from five
different leaves that were each sampled in three different areas are shown. (E) Survival under carbon-limiting growth conditions induced by extended
darkness. Control and GFP–AtATG8-HA-expressing seedlings, germinated on Nitsch medium containing kanamycin for 7 d, were transferred to soil
for an additional 4 weeks under a short-day photoperiod, and then transferred to the dark for the indicated length of time.
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GFP–AtAtg8f-HA expression affects the cytokinin-
mediated regulation of root architecture and
root–shoot communication

Previous studies assigned a dominant role to cytokinins in
regulating root nitrogen metabolism and nitrogen-
mediated long-distance root–shoot communication (Forde,
2002; Moore et al., 2003; Franco-Zorrilla et al., 2005;
Fujita et al., 2006; Sakakibara, 2006; Sakakibara et al.,
2006; Merchan et al., 2007; Glover et al., 2008). In light
of the significant physiological link between autophagy
and nitrogen status, it was interesting to test whether
GFP–AtAtg8f-HA expression cross-reacts with cytokinin
activity. To address this, well-developed control and
GFP–AtAtg8f-HA plants were germinated on kanamycin-
containing medium for 7 d and then transferred to new

medium containing cytokinin (100 ng ml�1 zeatin). In the
absence of exogenous application of zeatin, the GFP–
AtAtg8f-HA-expressing plants and the control plants had
relatively comparable root architecture (Fig. 2A, compare
left and right sections). Yet, treatment with zeatin caused
a significantly stronger retardation of the growth of the
primary roots in the GFP–AtAtg8f-HA-expressing plants
than in the control plants (Fig. 2B, compare left and right
sections). More detailed root quantitative analysis showed
the following: (i) in the absence of exogenous application
of zeatin, the GFP–AtAtg8f-HA-expressing plants had
similar lengths of primary roots, compared with the
control plants, a small, but significantly higher number of
adventitious roots, and a slightly, but significantly lower,
number of lateral roots (Fig. 3A–C; histograms on the

Fig. 2. Effect of the cytokinin molecule zeatin (100 ng ml�1) on root architecture of the control and GFP–AtAtg8f-HA-expressing plants. A and B
show control (left panels) and GFP–AtAtg8f-HA-expressing plants (right panels) grown on medium lacking or containing zeatin, respectively.

Fig. 3. Effect of the cytokinin molecule zeatin (100 ng ml�1) on root architecture of the control (white histograms) and GFP–AtAtg8f-HA- (grey
histograms) expressing plants. (A) Length of primary roots; (B) number of lateral roots; (C) number of adventitious roots. Bars on the top of the
histograms represent the standard error, while asterisks on the top of the histograms represent statistically significant differences (P <0.01).
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left); and (ii) exogenous application of zeatin reduced the
length of primary roots as well as the number of lateral
and adventitious roots in both genotypes, but the extent
of inhibition was stronger in the primary roots, similar in
the lateral roots, and smaller in the adventitious roots of the
GFP–AtAtg8f-HA-expressing plants compared with the
control plants (Fig. 3A–C; histograms on the right).
The effect of exogenous application of the auxin

molecule indole acetic acid (IAA) on root architecture
was also tested. IAA generally had an opposite effect on
root architecture to that of zeatin, but this effect was
essentially comparable between the GFP–AtAtg8f-HA-
expressing plants and the control plants (data not shown).
It was also tested whether GFP–AtAtg8f-HA expression

affects cytokinin-mediated root–shoot communication.
Feeding of cytokinins to roots is known to stimulate
anthocyanin production in shoots, a process that appar-
ently occurs by transmission of the cytokinin signals from
the roots to the shoots (Deikman and Hammer, 1995a;
Laxmi et al., 2006). Therefore, the extent of accumulation
of shoot anthocyanins in response to application of
cytokinin (100 ng ml�1 zeatin) to the growth medium
was tested in the control and GFP–AtAtg8f-HA plants.
Well-developed seedlings, germinated on kanamycin-
containing media for 7 d, were transferred to new medium
lacking or containing 100 ng ml�1 zeatin. As shown in
Fig. 4, the effect of zeatin on shoot anthocyanin pro-
duction was significantly retarded in the GFP–AtAtg8f-
HA-expressing plants, compared with the control plants.
The reduced accumulation of anthocyanins could also be

clearly visualized by the weaker red colour of the shoot
anthocyanin extracts (Supplementary Fig. S1 available at
JXB online).
Anthocyanins belong to the phenylpropanoid secondary

metabolites, which are produced through a chain of
enzymatic steps from phenylalanine (Fig. 5A). Among
the enzymes of anthocyanin biosynthesis, CHS, DFR,
and, to a lesser extent, the more upstream enzyme PAL
represent major regulatory steps in shoot anthocyanin
accumulation in response to cytokinin application because
the genes encoding them are significantly induced by this
treatment (Deikman and Hammer, 1995a; Holton and
Cornish, 1995). To test whether the negative effect of
GFP–AtAtg8f-HA expression on shoot anthocyanin accu-
mulation in response to zeatin application to the growth
medium is due to altered expression of these genes, qRT-
PCR analysis was perormed on RNA extracted from
shoots of the control and the GFP–AtAtg8f-HA-express-
ing plants grown on medium either containing or lacking
zeatin (100 ng ml�1). As shown in Fig. 5B, the mRNA
levels of CHS and DFR, after 10 d exposure to zeatin,
were significantly lower by 2.5-fold and 4-fold, respec-
tively, in the GFP–AtAtg8f-HA-expressing plants, com-
pared with the control plants. In addition, a similar
reduction trend, even though not significant, was observed
in the PAL mRNA level, implying a negative effect of the
GFP–AtAtg8f-HA polypeptide on cytokinin-mediated in-
duction of genes encoding early enzymes in the anthocy-
anin biosynthetic pathway.
Taking into account the influence of GFP–AtAtg8f-HA

expression on the effect of zeatin on root architecture and
the zeatin-mediated shoot anthocyanin production
(Figs 2–5 and Supplementary Fig. S1 at JXB online), it
was also interesting to test the effect of zeatin on the
pattern of accumulation of GFP–AtAtg8f in the roots by
confocal microscopy. To address this, well-developed ;5-
d-old seedlings of transgenic Arabidopsis plants express-
ing the GFP–AtAtg8f-HA construct, as well as control
plants expressing free GFP, were transferred to new
medium containing or lacking 100 ng ml�1 zeatin for
another 10 d. Roots of these seedlings were treated with
concanamycin A and analysed by confocal microscopy.
This compound enables the visualization of the GFP-
fluorescing autophagosome-resembling structures inside
vacuoles by inhibiting the activities of vacuolar ATPases
and hence slowing down the acidification of the vacuole
sap (Drose et al., 1993; Yoshimoto et al., 2004; Slavikova
et al., 2005). Root epidermis cells of the GFP–AtAtg8f-
HA-expressing plants, grown without zeatin, showed
GFP-fluorescing autophagosome-resembling spots inside
the vacuoles (Fig. 6A), confirming a previous report
(Slavikova et al., 2005). Analysis of deeper optic root
sections identified in some cases few GFP-fluorescing
spots near the vascular system (Fig. 6B, spots marked by
arrowheads). The localization of these spots near the

Fig. 4. Effect of application of the cytokinin molecule zeatin to the
growth medium on anthocyanin content in shoots of the control (circles)
and GFP–AtAtg8f-HA-expressing plants (squares). Anthocyanin con-
tent was measured spectrophotometrically as (A530–A657) g�1 fresh
weight. Bars represent the standard error and asterisks represent
statistically significant differences (P <0.01) between the values of the
GFP–AtAtg8f-HA-expressing plants and the control.
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vascular system was also clearly seen by merging the GFP
fluorescence images with differential interference contrast
(DIC) images of the same region (Fig. 6C; a xylem vessel
is delimited by two opposite facing arrows). The spots
near the vascular system were clearly distinct from the
autophagosome-resembling structures in the epidermis
cells by exhibiting significantly less dynamic movement
(data not shown). Treatment with zeatin significantly
reduced the amount of GFP-fluorescing autophagosome-
resembling structures in the vacuoles of root epidermis
cells (Fig. 6D, compare with A). Notably, the zeatin
treatment also resulted in the formation of specific GFP–

AtAtg8f-containing structures near the vascular system,
which were larger than those observed without zeatin
treatment (Fig. 6E, F, compare with B, C), but exhibiting
a similar low dynamic movement (data not shown).
Control seedlings expressing free GFP treated with zeatin
(Fig. 6G–I) showed neither GFP-fluorescing autophago-
some-resembling structures inside the vacuoles of the root
epidermis cells (Fig. 6G) nor GFP-fluorescing bodies in
the vicinity of the root vascular system (Fig. 6H, I).

Effect of GFP–AtAtg8f-HA expression on the response
of plants to salt and osmotic stresses

Root architecture as well as plant metabolism are also
influenced by abiotic stresses (Katsuhara and Kawasaki,
1996; Huh et al., 2002; Sanchez et al., 2008; Shulaev
et al., 2008). Hence, the effect of GFP–AtAtg8f-HA
expression on the response of plants to salt and osmotic
stresses was also tested. Based on calibration analysis
(data not shown), a decision was made to use 100 mM
and 150 mM NaCl as well as 50 mM and 150 mM
mannitol as representatives of relatively mild and
more severe salt and osmotic stresses, respectively. Well-
developed ;10-day-old seedlings, germinated on
kanamycin-containing medium, were transferred to new
medium containing 100 mM NaCl (salt stress) or 50 mM
mannitol (osmotic stress). As shown in Fig. 7A, panels
d and h, in the absence of salt stress, seedlings of the
control and the GFP–AtAtg8f-HA-expressing plants grew
with relatively comparable phenotypes. Exposure to
100 mM NaCl for up to 30 d had a relatively mild
negative effect on the size of the control plants and also
caused the characteristic darker green colour resulting
from the salt stress (Fig. 7A, compare panels a–c with d).
In contrast, exposure to 100 mM NaCl for up to 30 d had
a considerably stronger negative effect on growth of the
GFP–AtAtg8f-HA-expressing plants, which showed a con-
siderably fainter green colour of their leaves compared
with the control plants (Fig. 7A, compare panels a–c with
e–g, respectively). The retarded growth phenotype of the
GFP–AtAtg8f-HA-expressing plants on medium contain-
ing 100 mM NaCl was also associated with increased
electrolyte leakage (Fig. 7B), indicating greater damage of
the cell membrane system in comparison with the control
seedlings (Cao et al., 2007).
Upon exposure to the more severe salt stress of

150 mM NaCl, the growth of both the control and the
GFP–AtAtg8f-HA plants was severely retarded in a com-
parable manner, resulting in extensive bleaching of all of
the genotypes after 14 d (Supplementary Fig. S2A at JXB
online; compare panels a–d with the respective panels e–h).
Hence, expression of GFP–AtAtg8f-HA renders Arabi-
dopsis seedlings more sensitive to the relatively mild, but
not the more severe salt stress.

Fig. 5. Effect of application of the cytokinin molecule zeatin (100 ng
ml�1) to the growth medium on the expression of genes encoding three
main enzymes of the anthocyanin biosynthetic pathway in shoots of the
control and GFP–AtAtg8f-HA-expressing plants. (A) Schematic repre-
sentation of the flavonoid biosynthetic pathway. The enzymes whose
mRNA levels were quantified in B are indicated in bold. (B) RNA was
extracted from shoots germinated as described in Fig. 1 and then on
medium containing or lacking 100 ng ml�1 zeatin for an additional
10 d. Relative mRNA levels of phenylalanine ammonia lyase (PAL1;
AT2G37040), chalcone synthase (CHS; AT5G13930), and dihydro-
flavonol 4-reductase (DFR; AT5G42800) were quantified using qRT-
PCR as described in Materials and methods. Values of the mRNA
transcript level are relative to that of the control plants grown without
zeatin (left open bar). Bars on the top of the histograms represent the
standard error, while different letters on top of the histograms represent
statistically significant differences (P <0.05).
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The effect of expression of the GFP–AtAtg8f-HA
construct on the response of the plants to relatively mild
(50 mM mannitol) and more severe (150 mM mannitol)
osmotic stresses was also tested. The mild osmotic stress
slightly retarded the growth of the control and the GFP–
AtAtg8f-HA-expressing plants (Fig. 7C, compare panels
a–c with d, and panels e–g with h). In addition, it also had
a relatively mild negative effect on the growth of the
GFP–AtAtg8f-HA-expressing plants, compared with the
control plants, which was manifested by enhanced
senescence of the older leaves, particularly observed after
30 d exposure to this stress (Fig. 7C, compare panels c
and g). Similarly to the more severe salt stress of 150 mM
NaCl, the more severe osmotic stress of 150 mM mannitol
retarded the growth of both the control and the GFP–

AtAtg8f-HA-expressing plants in a comparable manner
(Supplementary Fig. S2B at JXB online; compare panels
a–d with the respective panels e–h).

Effects of salt and osmotic stresses on root
architecture of the GFP–AtAtg8f-HA-expressing plants

Exposure of plants to salt stress stimulates changes in root
architecture, including shortening of the primary roots and
proliferation of secondary roots, an adaptive mechanism
that apparently improves the tolerance of the plants to this
stress (Huh et al., 2002). It was therefore interesting to
test whether the growth retardation of the GFP–AtAtg8f-
HA-expressing plants after exposure to 100 mM NaCl
was associated with altered response of their roots to the

Fig. 6. Effect of the cytokinin molecule zeatin on GFP fluorescence in roots of 10-day-old Arabidopsis plants expressing either GFP–AtAtg8f-HA
(A–F) or free GFP as a control (G–I). Roots were left untreated (A–C) or were treated (D–I) with 100 ng ml�1 zeatin. Roots were analysed by
confocal microscopy and differential interference contrast (DIC) microscopy following treatment with concanamycin A. (A), (D), and (G) show
confocal microscopy optical sections of the root epidermis cells. (B), (E), and (H) show confocal microscopy optical sections in the vicinity of the
root vascular system. (C), (F), and (I) represent merging of the confocal microscopy images in the vicinity of the root vascular system (B, E, H) with
the identical regions obtained by DIC microscopy. Arrows facing each other in C, F, and I delimit the xylem vessel from both sides. Arrowheads in B
and E indicate distinct GFP-fluorescing structures formed in the vicinity of the root vascular system of the GFP–AtAtg8f-HA-expressing plants, but
not the control plants, and particularly intensified upon treatment with zeatin. Central vacuoles are indicated as CV.
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salt stress. These experiments were performed on plants
grown vertically on agar plates. As shown in Fig. 8, upon
growth on medium lacking NaCl for 14 d, the root
architecture was highly comparable between the control
and GFP–AtAtg8f-HA-expressing plants (Fig. 8A, com-
pare left and right sections). Exposure to 100 mM NaCl
for 14 d had a considerably stronger retardation effect on
the elongation of the primary roots of the control plants,
compared with the GFP–AtAtg8f-HA-expressing plants
(Fig. 8B, compare the left and right sections).
Exposure to the osmotic stress of 150 mM mannitol for

14 d had no major effect on root growth of either the
control or GFP–AtAtg8f-HA-expressing plants (Fig. 8C,
compare the left and right sections). However, after
prolonged exposure of the GFP–AtAtg8f-HA-expressing
plants to 150 mM mannitol for >30 d under the vertical
growth condition, the ageing roots of the GFP–AtAtg8f-
HA-expressing plants became wider in diameter than the
roots of the control plants and also developed specific
globular structures that were not observed in roots of the
control plants (compare Fig. 8D and E). In rare cases,
similar globular structures were also developed upon
exposure of vertically grown GFP–AtAtg8f-HA-express-
ing plants to salt stress (100 mM NaCl) but, under this
stress, the structures appeared only after growing on
100 mM NaCl for ;20 d followed by a recovery period
in which the plants were transferred back into medium
lacking NaCl for an additional ;20 d (data not shown).
The reason for these differences is still unknown. These
globular structures (Fig. 8E) resemble in their morphology
the nodules formed in legumes roots in response to
symbiotic interactions with Rhizobium bacteria. Moreover,
their formation only on roots of the GFP–AtAtg8f-HA-
expressing plants, but not on roots of the control plants, is
particularly interesting for the following two reasons: (i)
Arabidopsis plants generally do not form root nodules as
do legume plants; and (ii) a gain-of-function mutation in
a cytokinin receptor was recently shown to trigger
spontaneous root nodule organogenesis in the legume
species Lotus japonicus in the absence of rhizobial signal
molecules (Tirichine et al., 2007).
Since cytokinins are known to be associated with cell

division, cell proliferation, and organ regeneration (Sakakibara,
2006), it was interesting to test the anatomy of the wider
roots and the globular, nodule-like structures of the GFP–
AtAtg8f-HA-expressing plants. As shown in Fig. 9A and B,
cross-sections showed that after prolonged exposure to
osmotic stress, the roots of the GFP–AtAtg8f-HA-expressing

Fig. 7. Effect of mild salt and osmotic stresses on the growth of
seedlings of control plants and GFP–AtAtg8f-HA-expressing plants.
Plants were germinated and transferred to new medium as described in
Fig. 1. (A) Morphology of the control plants (a–c) and GFP–AtAtg8f-
HA-expressing plants (e–g) upon exposure to a salt stress of 100 mM
NaCl for 6 (a, e), 14 (b, f), and 30 (c, g) days. Control plants and GFP–
AtAtg8f-HA-expressing plants grown for 14 d without salt stress are
shown in panels d and h, respectively. (B) Relative electrolyte leakage
analysis of control plants (white histograms) and GFP–AtAtg8f-HA-
expressing plants (grey histograms) grown with either no salt (left section)
or 100 mMNaCl (right section). Bars on the top of the histograms represent

the standard error, while an asterisk on the top of the right histogram
represents statistically significant differences (P <0.01). (C) Morphology of
the control plants (a–c) and GFP–AtAtg8f-HA-expressing plants (e–g)
upon exposure to an osmotic stress of 50 mM mannitol for 6 (a, e), 14 (b,
f), and 30 (c, g) days. Control plants and GFP–AtAtg8f-HA-expressing
plants grown for 14 d without osmotic stress are shown in panels d and h,
respectively.
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plants were nearly 4-fold wider than those of the control
plants (see size bars). This was largely due to cell
proliferation in the vicinity of the vascular xylem and
phloem tissues (compare Fig. 9A and B). Higher
magnifications of cross-sections of roots of the GFP–
AtAtg8f-HA-expressing plants showed extensive prolifer-
ation of viable cells with globular plastids in the vicinity
of the xylem and phloem (Fig. 9C–E). Proliferation of
cells in the vicinity of the phloem was also visible in
a longitudinal root cross-section (Fig. 9F). A longitudinal
section in the nodule-resembling structures formed on
roots of the GFP–AtAtg8f-HA-expressing plants was then
also performed. Sections of the entire structure showed
extensive vascular tissues surrounded by large numbers of
cells (Fig. 9G), which were then observed more clearly at
higher magnifications (Fig. 9H, I).

Discussion

Utilization of plants constitutively expressing GFP–
AtAtg8f-HA to elucidate interactions of autophagy with
physiological and hormonal processes

Results from mammalian cells imply that Atg8 proteins
possess at least two distinct functions in the autophagic
process: (i) they specifically interact with various in-
tracellular proteins to regulate their functions directly. For
example, it has been shown that interaction of the
mammalian Atg8 isoform GABARAP with GABA (c-
aminobutyric acid) receptors regulates their trafficking and
possibly also their clustering on the plasma membrane
(Kanematsu et al., 2007, and references therein) and that
the interaction of another mammalian Atg8 isoform,
GATE-16, with a Golgi-associated v-SNARE promotes
Golgi reassembly (Muller et al., 2002). (ii) Through

interacting with their target proteins, the Atg8 proteins
also facilitate their internalization into autophagosomes en
route towards their degradation inside the vacuole, a pro-
cess that apparently occurs both during regular growth
and in response to nutrient starvation (Mizushima et al.,
2002). Knockout mutants in various autophagy-associated
genes of plants generally render the plants more sensitive
to nitrogen and sugar starvation (Thompson and Vierstra,
2005; Downes and Vierstra, 2005; Bassham et al., 2006).
Hence, the observation that the expression of GFP–
AtAtg8f-HA under the 35S promoter improves the growth
of plants under nitrogen- and light-limiting conditions
implies that this expression apparently enhances classical
autophagy under nutrient starvation. This observation also
illustrates the specific function of the GFP–Atg8-HA
fusion protein in autophagy-associated processes.
Another major aim of this study was to identify novel

cellular processes that cross-react with the constitutive
autophagy machinery (Slavikova et al., 2005; Inoue et al.,
2006) and that are not directly associated with acute
nutrient starvation. To eliminate possible variability in
germination vigour between different batches of seeds and
also possible co-suppression of the transgene, it was
decided to germinate the seeds on kanamycin-containing
medium and then transfer only the well-developed seed-
lings into other media or soil lacking kanamycin.
Additional experiments in which the seeds were germi-
nated directly on the experimental medium without
kanamycin yielded similar results, but seedling establish-
ment was variable and the observed phenomena were
generally milder (data not shown). Hence, it is also
concluded that either germination in the presence of
kanamycin or the transfer of the seedlings to new plates
implemented some stress responses that stimulated the
extent of the observed phenomena.

Fig. 8. Effect of salt and osmotic stresses on the root architecture of the control and the GFP–AtAtg8f-HA-expressing plants. Plants were germinated
as described in Fig. 1 and then transferred and grown vertically for 14 d on medium lacking salt or mannitol (A), containing 100 mM NaCl (B), or
containing 150 mM mannitol (C). The left and right sections in each of A–C contain control and GFP–AtAtg8f-HA-expressing plants, respectively. D
and E show, respectively, sections of the main roots of the control and GFP–AtAtg8f-HA-expressing plants grown for an extended period of 30 d on
medium containing 150 mM mannitol. Arrows in E show the nodule-resembling structures.
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GFP–AtAtg8f-HA expression influences cytokinin-
associated processes

Autophagy is strongly induced during plant senescence,
a process that is generally inhibited by cytokinins (Gan
and Amasino, 1995). Hence, the observation that zeatin
inhibits the incorporation of the GFP–AtAtg8f-HA poly-
peptide into autophagosome-resembling structures inside
the vacuoles of root epidermis cells supports the primary
role of autophagy in bulk macromolecule degradation
processes occurring during senescence. Yet, cytokinins
are associated with multiple additional processes in plants
that may be regulated by interactions of specific proteins
with the autophagy-associated Atg8 proteins in an
analogous manner to the functions of Atg8 proteins in
animal cells. Indeed, several independent lines of evidence
in this report suggest that expression of the GFP–AtAtg8f-
HA construct alters various cytokinin-associated processes
in the roots. Zeatin suppressed the growth of primary
roots, lateral roots, and adventitious roots in both the
control and GFP–AtAtg8f-HA-expressing plants, but the
effect of zeatin in the GFP–AtAtg8f-HA-expressing plants
was significantly stronger than in the control plants in
the primary roots, similar to that in the control plants in
the lateral roots and significantly weaker than that in the
control plants in the adventitious roots (Fig. 3). These

results imply that GFP–AtAtg8f-HA expression may
trigger a gradient of cytokinin signalling perception
ranging from a stronger perception in the bottom primary
roots to a weaker perception in the upper adventitious
roots. Alternatively, the increased autophagy due to
overexpression of GFP–AtAtg8f-HA may have different
effects in different cell types. The nature of this interesting
phenomenon awaits future studies.
In addition to controlling root growth, cytokinins also

participate in the regulation of long-distance root–shoot
communication in response to various metabolic stresses
(Moore et al., 2003; Franco-Zorrilla et al., 2005; Fujita
et al., 2006; Sakakibara, 2006). Such communication is
also exemplified by the observation that feeding of
cytokinins to the roots stimulates anthocyanin production
in the shoots (Deikman and Hammer, 1995b). The results
showing that GFP–AtAtg8f-HA expression slows down
the synthesis and accumulation of anthocyanins in shoots
in response to exogenous zeatin application to the growth
medium (Figs 4, 5; Supplementary Fig. S1 at JXB online)
also support a regulatory role for AtAtg8f in cytokinin-
mediated root–shoot communication signals. Such a regu-
latory role is also supported by a confocal microscopy
analysis showing that zeatin treatment triggers the forma-
tion of special GFP-fluorescing structures in the vicinity

Fig. 9. Light microscopy analysis of ageing roots of the GFP–AtAtg8f-HA-expressing plants following exposure to osmotic stress. (A) Cross-section
of an ageing root of control plants; (B–E) cross-sections of ageing roots of the GFP–AtAtg8f-HA-expressing plants at different magnifications; (F)
a longitudal section of an ageing root of the GFP–AtAtg8f-HA-expressing plants; (G–I) cross-sections of the nodule like structures developed on the
ageing roots of the GFP–AtAtg8f-HA-expressing plants. Bars represent 100 lm. D, dividing phloem cells; F, phloem cells; P, parenchyma cells; X,
xylem cells.
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of the root vascular system in plants expressing the GFP–
AtAtg8f-HA construct, but not in control plants express-
ing free GFP (Fig. 6). In addition, a recent study analysing
gene expression in specific Arabidopsis root tissues
demonstrated a significant expression of several genes
involved in cytokinin transport and signalling in root
vascular tissues (Brady et al., 2007). Taken together, these
data raise the possibility that the GFP-fluorescing struc-
tures induced by zeatin treatment might sequester proteins
involved in cytokinin transport or signalling, thus abro-
gating root–shoot communication.
The association of the autophagy-associated Atg8

proteins with cytokinin activity is also particularly in-
teresting taking into account the strong physiological
association between autophagy and nitrogen metabolism
on one hand and the interaction between nitrogen
metabolism and cytokinin on the other hand (Sakakibara
et al., 2006; Hirose et al., 2008). A close correlation
between nitrogen status and cytokinin content has been
reported in a number of plant species (Singh et al., 1992;
Samuelson and Larsson, 1993; Wagner and Beck, 1993;
Takei et al., 2001, 2004). In addition, expression of the
Arabidopsis cytokinin biosynthesis genes IPT3 and IPT5
is regulated by different nitrogen sources (Miyawaki
et al., 2004; Takei et al., 2004).

The effects of GFP–AtAtg8f-HA expression on root
architecture in response to cytokinin application and
salt stress are possibly mediated by distinct
mechanisms

The present results showed that GFP–AtAtg8f-HA expres-
sion alters the adjustment of root architecture to both salt
stress and exogenous cytokinin application. Yet, while both
cytokinins and salt stress generally inhibit the growth of
primary roots in wild-type plants (Huh et al., 2002; Aloni
et al., 2006), expression of the GFP–AtAtg8f-HA construct
prevented the inhibition of primary root growth under salt
stress (Fig. 8B), while accelerating the inhibition of
primary root growth in response to zeatin application (Figs
2, 3). Notably, cytokinin treatment also induced the
formation of specific bodies containing GFP–AtAtg8f in
the vicinity of the root vascular system (Fig. 6). The nature
of these bodies is still unknown, but they are clearly
distinct from the autophagosome-resembling structures
inside the vacuoles of root epidermis cells due to their
larger size (Fig. 6) and significantly lower dynamic
movement (data not shown). The conceivable differential
functionality of these two structures is also supported by
the fact that zeatin reduces the accumulation of autophago-
some-resembling structures in root epidermis cells while
stimulating the production of the larger bodies in the
vicinity of the root vascular system (Fig. 6). The protein
content and function of the cytokinin-induced GFP–
AtAtg8f-containing structures near the root vascular system

is still unknown, but similar structures were also found to
be associated with various mammalian cancers, diseases,
and neurodegenerative disorders (Ohshiro et al., 2007;
Pankiv et al., 2007; Xie and Klionsky, 2007). Exposure of
plants to oxidative stress also stimulates autophagy, which
is apparently used for selective degradation of damaged
proteins (Xiong et al., 2007), and it is possible that the
cytokinin-induced GFP–AtAtg8f-containing structures near
the vascular system contain specific proteins that are
targeted for degradation by autophagy. Alternatively, it is
possible that Atg8 regulates cytokinin signalling by
regulating the intracellular trafficking of specific proteins
via the Golgi in a similar manner to the functions of
mammalian Atg8 proteins (Legesse-Miller et al., 1998;
Elazar et al., 2003; Scherz-Shouval and Elazar, 2007).
Similar structures to the GFP–AtAtg8f-containing bodies
were also observed to contain the auxin transporters PIN1
and AUX1 in response to treatment with brefeldin A
(BFA; Geldner et al., 2001; Grebe et al., 2002). This
metabolite blocks trafficking from recycling endosomes to
the plasma membrane, causing the accumulation of endo-
somes and internalized endocytic cargo in the so-called
BFA compartments (Geldner et al., 2001, 2003). However,
it is still unknown whether these bodies also contain Atg8.
The mechanism behind the effect of GFP–AtAtg8f-HA

on preventing the growth arrest of primary roots in
response to salt stress is also still unknown. The inhibition
of primary root growth under salt stress enables the
proliferation of secondary roots that can better handle the
salty environment (Huh et al., 2002), and it is therefore
likely that the prevention of this process contributed to the
increased sensitivity of the GFP–AtAtg8f-HA plants to
the mild salt stress compared with the control plants. The
growth arrest of primary roots is generally associated with
programmed cell death of the primary root meristem
(Katsuhara and Kawasaki, 1996; Huh et al., 2002) and it
is thus possible that expression of the GFP–AtAtg8f-HA
construct negatively affects this programmed cell death by
stimulating autophagy. This is supported by another
independent study indicating that autophagy prevents the
death of healthy uninfected cells during a plant defence
response (Liu et al., 2005; Patel et al., 2006). Hence, the
results imply that inactivation of the basal autophagy is
required for proper inhibition of primary root growth in
response to salt stress.

GFP–AtAtg8f-HA expression stimulates cell
proliferation in ageing roots following exposure to
osmotic stress

Prolonged exposure to osmotic stress induced the widening
of ageing roots and formation of globular structures along
the primary roots of the GFP–AtAtg8f-HA-expressing
plants, but not of the control plants. These phenotypes
were largely due to extensive cell proliferation in the
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vicinity of the xylem and phloem. Although the nature of
these proliferated cells is as yet unclear, it is hypothe-
sized that this phenomenon is also associated with
a cross-reaction between GFP–AtAtg8f-HA expression
and cytokinin signalling due to the following: (i)
cytokinins are known to be associated with the pro-
liferation of undifferentiated cells in plants (den Boer and
Murray, 2000); (ii) cytokinins were documented to
stimulate genes controlling cell cycle progression in roots
(den Boer and Murray, 2000); and (iii) the globular
structures observed on the roots of the GFP–AtAtg8f-HA-
expressing plants resemble in their morphology the
nodules formed on legume roots in response to rhizobia
infection, a process that is also controlled by cytokinins
(Murray et al., 2007; Tirichine et al., 2007).

Supplementary data

Supplementary figures for this manuscript are available at
JXB online.
Supplementary Fig. S1 illustrates that application of the

cytokinin molecule zeatin (100 ng ml�1) to the growth
medium causes enhanced anthocyanin accumulation in
shoots of the GFP–AtAtg8f-HA-expressing plants, com-
pared with the control plants, as determined by increased
red colour in the shoots and in extracts from shoots.
Supplementary Fig. S2 illustrates that the GFP–

AtAtg8f-HA and the control plants show comparable
responses to relatively severe salt (150 mM NaCl) and
osmotic (150 mM mannitol) stresses.
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