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Introduction

Autophagy, or “self-eating” is a ubiquitous catabolic process 
in eukaryotic cells. Although it was first described about 40 
years ago, our molecular understanding of this process started 
only about a decade ago.1,2 The best characterized type of auto-
phagy, macroautophagy, occurs in a wide range of eukaryotes 
including mammals, plants and fungi, and leads to the deg-
radation of portions of the cytoplasm, which may include cell 
organelles. During this process a double-membrane structure, 
called the autophagosome, sequesters the cargo (e.g., cell mate-
rial such as organelles, soluble cytosolic proteins and protein 
aggregates) for degradation. Subsequently, the outer membrane 
of the autophagosome fuses with the vacuole membrane result-
ing successively in uptake of the cargo enclosed by the inner 
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autophagosomal membrane (the autophagic body) in the vacu-
ole, the degradation of the cargo and the release of the products 
for reuse. The membrane origins of autophagosomes are unclear 
and may involve multiple sources, including the endoplasmic 
reticulum, Golgi apparatus, mitochondria and plasma mem-
brane.3-6 At least 34 various proteins, which transiently associate 
and act in a hierarchical order during autophagosome assembly, 
have been identified so far. Genes encoding most of these pro-
teins—autophagy-related (ATG) genes—have been found in 
screenings of yeast mutants defective in autophagy.7 The process 
and core molecular machinery components are evolutionarily 
conserved,8 however the higher eukaryote autophagy pathway 
might require more elaborate molecular machinery, including 
factors that are absent in yeast. The human autophagy system 
has a tremendous influence on protein homeostasis and involves 
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under nutrient deficiency, RUBISCO and whole chloroplasts 
were delivered to the vacuole by autophagy and degraded.47,48 
In general, autophagy in plants seems to be involved in nutrient 
recycling. It provides substrates during nutrient deprivation and 
acts as a cell survival mechanism through recycling cell waste. 
On the other hand, other evidence indicates that a constitutive 
basal autophagy occurs also under normal growth conditions.49,50 
Moreover, it was recently found that autophagy operates a nega-
tive feedback loop modulating NPR1-dependent salicylic acid 
signaling and that this negative feedback is necessary to limit 
excessive senescence and the programmed cell death in response 
to pathogen infection.51

It was commonly believed that in plants no selective autophagy 
receptors exist and only the core molecular autophagy machinery 
operates.30,35 However, we demonstrate that the Joka2 protein 
from Nicotiana tabacum actually is a structural and possibly a 
functional homolog of p62 and NBR1 proteins. Expression of 
Joka2 gene was increased in tobacco roots but not in the shoots 
during nitrogen (N) or sulfur (S) deficiency. The overproduction 
of Joka2 reduced plant bleaching in both normal growth condi-
tions and during nutrient shortage. We propose that Joka2, by 
analogy to p62 and NBR1—the selective cargo receptors from 
the mammalian system—participates in the process of selec-
tive autophagy in plants. Our data associate plant response to 
nutrient deprivation with Joka2, a member of p62/NBR1 family, 
and indicate for the first time a link between nutrient-deficiency 
response and the process of selective autophagy.

Results

Identification of tobacco Joka2 as a partner of UP9C. The 
UP9C protein belongs to the family of UP9/LSU-like pro-
teins present in many plant species.52-54 At least six isoforms of 
these small (about 100 residues) proteins, containing coiled-
coil domain exist in tobacco, while A. thaliana has four of 
them (LSU1-LSU4). Analysis of transgenic tobacco plants 
with silenced expression of UP9-like genes (due to expression 
of UP9C in the antisense orientation) strongly argues for the 
significant role of some of the UP9/LSU proteins in regulation 
of plant response to S-deficit.53 This function is possibly medi-
ated by protein-protein interactions. We previously identified 17 
clones encoding putative partners of UP9C originated from the 
cDNA library prepared from N. tabacum plants grown for 2 d 
in S-deficient conditions (GenBank Accession No: GU066878–
GU066894). Surprisingly, the similar yeast two-hybrid (Y2H) 
experiment with the cDNA library prepared from N. plumbagini-
folia seedlings grown in normal (nutrient sufficient) conditions 
resulted in identification of only three clones denoted pJoka2, 
pJoka8 and pJoka20 (Fig. 1A) encoding different proteins than 
those identified from N. tabacum library. Database searches and 
location of characteristic domains within the predicted open 
reading frames of Joka2, Joka8 and Joka20 allowed either for 
identification of a corresponding protein previously known in 
tobacco (the case of Joka20) or for identification of homologs 
in other plant species (the case of Joka2 and Joka8). The Joka20 
protein was identified as L7/L12, a nuclear-encoded component 

multiple protein-protein interactions.9 It is needed for appropri-
ate response to nutrient stress, innate and adaptive immunity and 
autophagic cell death. Malfunction of autophagy has been linked 
to a wide range of human pathologies, including cancer, different 
neurodegenerative diseases, immunological disorders and patho-
gen infection.10-12 Autophagy is also important during develop-
ment of mammals, flies and worms.13

The autophagy specific ubiquitin-like (UBL) proteins of the 
ATG8 family (known also in mammals as LC3 or GABARAP) 
are central regulators of autophagosome assembly, maturation 
and lysosomal fusion. In addition, interaction of the conserved 
surface of ATG8 with a conserved hydrophobic W/YXXL/I 
motif (referred as LIR region) in cargo receptors is necessary for 
the selective cargo recruitment to the autophagosomes.14,15 In 
mammals, at least two proteins, p62/SQSTM1/Sequestosome-1 
and NBR1 (neighbor of BRCA1 gene 1), can function as cargo 
receptors (or cargo binding proteins) in autophagic clearance of 
protein aggregates.16-19 The published data are mostly available 
for human p62, which itself is degraded by autophagy.20,21 The 
p62 is found in cellular inclusion bodies together with polyubiq-
uitinated proteins, in protein aggregates that accumulate in vari-
ous chronic, toxic and degenerative diseases.21-24 The p62 protein 
mainly facilitates the autophagic clearance of the aggregates of the 
ubiquitinated proteins, however, it is also capable of binding non-
ubiquitinated proteins such as, TRAF6,25,26 ALFY27 or Keap1.21 
The human NBR1 protein is larger than p62 and in addition to 
the three domains common for both proteins, such as N-terminal 
phox/Bem1p (PB1), ZZ-type zinc finger and C-terminal ubiqui-
tin association domain (UBA), it also contains two coiled-coil 
regions (CC1 and CC2), an amphipathic helical domain (JUBA) 
capable of binding phosphatidylinositol-phosphates28,29 and the 
functionally uncharacterized NBR1 domain conserved in all 
NBR1-like proteins.30 The NBR1 protein interacts with p62 in 
a PB1-PB1 fashion,31 but homodimerizes via its N-terminal CC 
region.32 Like p62, NBR1 is degraded by autophagy and interacts 
with ATG8-like proteins.28

Autophagy is a well-known process in yeasts and animals but 
it has only been recently established in plants. Studies of auto-
phagy in plants are greatly facilitated by the functional and 
structural conservation of ATG proteins.33-35 Similarly to the 
yeast and metazoan systems the plant ATG8 proteins are criti-
cal components of the autophagy pathway, therefore in many 
studies the GFP-ATG8 fusions have been used as markers of 
autophagosomes in plants.36-41 The lack of obvious phenotypes 
of atg mutants grown under nutrient-sufficient conditions sug-
gested that autophagy was not essential for plants. However, 
more detailed studies reveal that the atg mutants senescent ear-
lier and were hypersensitive to nitrogen starvation and carbon 
limitation.38,39,42-44 Moreover, it was demonstrated that auto-
phagy could be induced by treating plants with hydrogen per-
oxide or methyl viologen.45 An interesting link between nutrient 
availability, leaf senescence and autophagy was first revealed by 
Hanaoka at al.46 The autophagy-deficient mutants of Arabidopsis 
thaliana were capable of completing the normal life cycle but 
displayed early leaf senescence, which was exaggerated under 
nutrient-deficient conditions. Recently, it was established that 
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demonstrated that the LSU1-LSU4 proteins of A. thaliana are 
able to interact with Joka2 (Fig. 1D). This finding indicates that 
despite the relatively limited sequence similarity, the protein fea-
tures responsible for interactions with Joka2 are conserved in the 
UP9/LSU family. It is worth to emphasize a clear difference in 
the strength of interaction of different LSU proteins with Joka2; 
LSU1 and LSU3 interact stronger than LSU2 and LSU4.

It was reasonable to anticipate that the Joka2 protein is longer 
than the one deduced from the cloned sequence, therefore we 
focused on cloning of the full-length cDNA from N. tabacum. 
Using the RT-PCR, 5'-RACE and 3'-RACE methods the cDNA 
encoding the full-length protein have been cloned. In addition 
to PB1 and ZZ domains, the deduced protein contained also a 
duplication of the ubiquitin associated domain (UBA/TS-N; 
pfam00627). All subsequent experiments were performed only 
using plasmids containing the N. tabacum cDNA.

Joka2 contains domains conserved in p62/SQSTM1 and 
NBR1 and forms homodimers. Proteins with a similar to Joka2 
layout of domains exist in other eukaryotic organisms, both ani-
mals and plants (Fig. 2). The animal homologs can be divided 
into two families, NBR1-like and p62-like. The best characterized 

of chloroplast ribosomes.55 The Joka8 protein appeared to con-
tain a basic helix-loop-helix (bHLH) motif and was classified 
as a member of a huge family of bHLH transcription factors.56 
Initially, no function to Joka2 could be assigned but it appeared 
to contain two well-characterized domains: Phox/Bem 1p (PB1; 
pfam:00564) and ZZ-type zinc finger (ZZ; pfam:00569). The 
Joka2 open reading frame was incomplete since no translation 
initiation and no translation stop codons were present in the 
cloned cDNA fragment.

Interactions between UP9C and the identified partners were 
confirmed by the “pull-down” assay (Fig. 1B). In order to check 
which of the two well-characterized protein domains, PB1 and 
ZZ, present in Joka2 (Fig. 1C) is involved in the interaction with 
UP9C, the DNA fragments containing each of the domains were 
cloned separately into the bacterial expression vectors. From the 
results of the pull-down experiment it can be concluded that 
either the ZZ domain or the PB1-ZZ interdomain region is 
responsible for interaction with UP9C. Subsequent Y2H experi-
ments allowed us to exclude that the PB1-ZZ interdomain region 
is capable of UP9C binding (Fig. S1) and thus, the region of 
interaction can be limited to the ZZ domain. Additionally, we 

Figure 1. Interactions of UP9C and LSU proteins. (A) The pJK1 and pJK2 plasmids contain UP9C in the BD- and AD-vectors, respectively. The yeast 
strains co-transformed with indicated BD- and AD-plasmids were grown on selective media without leucine and tryptophan (SD-LT), leucine, tryp-
tophan and adenine (SD-LTA), leucine, tryptophane and histidine (SD-LTH) or were screened for β-galactosidase expression (+X-gal). (B) The protein 
gel blot shown on the left-hand side verifies expression of the GST-fusion proteins in the extracts from bacteria producing GST-ZZ (2b), GST-Joka8 (8) 
and GST-Joka20 (20); the GST-PB1 protein was not detected. The protein gel blot shown on the righthand side shows results of the “pull-down” assay 
performed as described in Materials and Methods. The results confirm interaction of UP9C with Joka8, Joka20 and the ZZ domain of Joka2; the extract 
containing His-tagged UP9C protein (C+) was loaded as a positive control and the arrows indicate the positions of the proteins corresponding to the 
expected sizes of the recombinant proteins: GST-ZZ (54.5 kDa), GST-Joka8 (66.5 kDa), GST-Joka20 (42 kDa) and His-UP9C (17.2 kDa). (C) The scheme of 
the protein (truncated NpJoka2) encoded by the insert present in pJoka2. The position of EcoRI used for the subcloning is shown and the domains PB1 
and ZZ are indicated. (D) The pJK11 plasmid contains the insert as pJoka2 but in pGAD424. Plasmids pLUS1–4 contain the corresponding orfs (LSU1–4 
from Arabidopsis) cloned into pGBT9. The remaining explanations as in (A).
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export signal (NES) and two basic monopartite nuclear localiza-
tion signals (NLS1 and NLS2) are located between residues 303–
320, 186–189 and 264–277, respectively.58 The three domains 
(PB1, ZZ and UBA) characterized in p62 can be also found in 
its plant homologs, though the plant proteins are generally larger 
(Fig. 2B and Table S1). The human NBR1 is not as well charac-
terized as p62, however there is growing evidence about its role 
as a selective autophagy cargo receptor. Although the plant pro-
teins are generally smaller than animal NBR1, a unique future of 
NBR1-like proteins (NBR1 domain) can be found between their 
ZZ and UBA domains. In addition, Joka2 proteins from tobacco 
and arabidopsis contain the potential nuclear export signal (NES) 
between PB1 and ZZ, and two adjacent UBA domains (UBA1 

protein with a comparable arrangement of domains is the human 
protein p62/SQSTM1 also called Sequestosome-1, A170 or ZIP, 
which is a multifunctional protein implicated in several signal 
transduction pathways and is required for autophagic clearance 
of protein aggregates. It acts as a selective autophagy receptor by 
interacting with both ubiquitin conjugated to the target proteins 
and the ATG8 proteins present on the autophagosome.14,19,57 
As shown in Figure 2B, p62 comprises a N-terminal region 
that includes PB1 domain (residues 20–102) and zinc finger 
(ZZ, residues 122–167), a central region containing LIR (LC3-
interacting; residues 337–343) and KIR (Keap 1-interacting; 
residues 346–359), and C-terminal region encompassing a ubiq-
uitin-associated domain (UBA, residues 391–436).21 A nuclear 

Figure 2. The family of p62/NBR1/Joka2 proteins. (A) The phylogenic tree was constructed using full-length protein sequences by the parsimony 
methods and 100 bootstrap replicates using SEQBOOT, PROTPARS and CONSENS of the Phylip v.3.69 program package. The bootstrap values are given 
at the respective branches. The three subfamilies are marked and identified by the name of a typical member (p62, NBR1 or Joka2). The accession 
numbers of the proteins used in the analysis are shown in Table S1. (B) Characteristic domains present in the p62, NBR1 and Joka2 proteins from Nico-
tiana tabacum, Arabidopsis thaliana and Homo sapiens. Proteins and domains are drawn to scale. See text for details and domains description.
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bodies, presumably autophagosomes. Taking into consideration 
the results shown in Figures 3 and 4 and the presence of potential 
LIR motifs in Joka2, it can be implied that both proteins interact 
in plant cells.

Dual localization of Joka2 in plant cells. The J4 and J5 
lines of tobacco (containing Joka2-YFP and Joka2-CFP expres-
sion cassettes, respectively) were obtained by agrobacterium-
mediated transformation of tobacco line LA Burley 21 with the 
binary pJ4 and pJ5 plasmids, respectively (Table S2). Expression 
of the transgenes in the selected transformants was confirmed 
(not shown) and the seeds from several transformants (J4-1, 
J4-2, J4-10, J5-1, J5-2, J5-3 and J5-6) were obtained after self-
pollination. To monitor Joka2 localization in planta the seeds 
were germinated and seedlings were maintained in the following 
liquid media: H

2
O, S-deficient (S-), N-deficient (N-) and nutri-

ent-sufficient (nS). Observations were performed on the 10th, 17th 
and 24th day-post-sowing (dps) in several lines. Since no apparent 
differences between J4 and J5 lines were noticed, localization of 
Joka2-YFP in J4-1 seedlings is shown as a typical example (Fig. 
5). Distribution of Joka2-YFP was different depending on plant 
part, growth medium and the number of dps (Fig. 5A and Figs. 
S2–4). The largest differences were observed in the root elon-
gation zone (Fig. 5A, the lefthand side parts). On the 10th dps 
the small cytosolic granules were present in all seedlings, how-
ever they were most numerous in seedlings grown in H

2
O. On 

the 17th dps the granules were larger, less frequent (1–2 per cell), 
located close to the nucleus and, in seedlings grown in nS, the 
fluorescence was observed also in the nucleus. On the 24th dps, 
regardless from the medium, the signal was present only in the 
nucleus. In contrast to the root elongation zone, distribution of 
Joka2-YFP in leaflets, hypocotyls and the root tips was not much 
affected by nutrients availability nor the number of dps, there-
fore for these parts only the results for the 10th dps and H

2
O are 

shown (Fig. 5A, the righthand side parts). Interestingly, in the 
root tips only the nuclear location of Joka2-YFP was observed. 
In leaflets and hypocotyl Joka2-YFP formed small cytosolic spots 
(a few per cell). It is worthwhile to emphasize a clear difference, 
which was observed in signal distribution between the hypocotyl 
(less intense signal) and roots (more intense spots).

The punctated location of Joka2-YFP in the roots of seedlings 
grown in H

2
O was further investigated by acridine orange (AO) 

staining (Fig. 5B). The AO dye has been previously used to stain 
the autophagosomes in mammals,61 giving a red signal for the 
acidic compartments (autophagosomes but also RNA-containing 
structures) and a green signal when bound with DNA (nucleus). 
In addition to the J4-1 line producing Joka2-YFP, two tobacco 
lines served as controls: the parental line, LA Burley 21 and its 
derivative, the transgenic AB5 line producing EGFP. All seed-
lings were either stained with DAPI to visualize nuclei or double-
stained with DAPI and AO to visualize also intracellular acidic 
vesicles. The single DAPI-staining allowed nuclei visualization in 
all three lines. Furthermore, as expected, the signal of Joka2-YFP 
in J4-1 was found only in cytosolic spots and no green signal was 
observed in LA Burley 21, while in AB5 seedlings it was abun-
dantly observed in the nuclei and the cytosol due to a free distri-
bution of GFP between these two compartments. Moreover, all 

and UBA2) at their C-termini. The UBA1 domains from either 
NtJoka2 or AtJoka2 and the UBA2 domain from NtJoka2 are 
capable of forming amphipathic helix (not shown). Therefore, it 
is tempting to speculate that this region might have a similar role 
as the membrane-interacting JUBA domain of human NBR1, 
which is essential for NBR1 localization to the late endosomes.29

We observed formation of Joka2-Joka2 dimers independently 
for NpJoka2 (Fig. 1) and for NtJoka2 (Fig. 3), in two separate 
Y2H experiments. The region necessary for such interaction 
appeared to contain PB1 domain and was mapped to the first 
228 residues of NpJoka2 (see: pJK6, Table S2) and the first 422 
residues (see: pDEST22/PB1 and pDEST32/PB1, Table S2) of 
NtJoka2. These results are consistent with the data for p62 show-
ing that PB1 domain is crucial for the formation of multimers31 
and seems to be in contrast with the general information available 
for NBR1 that this protein homodimerizes via its CC1 domain.59

Joka2 interacts with ATG8. Despite identification of many 
autophagy-related (ATG) genes in plants, no reports on the pres-
ence or a potential function of any of the Joka2 homologs could 
be found in the literature. Therefore, it was important to confirm 
that Joka2 indeed resembles p62 concerning its most crucial and 
well-established feature, namely binding to ATG8/UBL pro-
teins. In higher eukaryotes, both mammals and plants, there is 
a large family of ATG8/UBL-like proteins. For example, in the 
human genome there are six genes encoding ATG8 family mem-
bers,9 while in A. thaliana nine genes encoding ATG8 family 
(AtATG8a–AtATG8i) are present and expressed.41,60 Function 
of AtATG8f under both favorable growth conditions and starva-
tion stresses was previously investigated in reference 36 and 37, 
thus this isoform was our candidate of choice for testing if the 
members of ATG8 family would interact with Joka2. There are 
15 known tobacco EST sequences encoding full-length proteins 
corresponding to ATG8 (Table S1). Based on phylogenic analy-
sis (not shown) we estimated that TC107227 encodes the closest 
homolog of AtATG8f. This cDNA, referred to below as NtATG8f, 
has been cloned and used in pull-down and Y2H experiments to 
investigate its potential interaction with Joka2. In fact, the results 
shown in Figure 3 clearly indicated that such interaction takes 
place in both cases when the full-length NtATG8f and NtJoka2 
proteins were used. Additionally, it was also possible to limit the 
region of NtJoka2 necessary for the interaction with NtATG8f 
to the residues 1–751 (out of 843 in total) in Y2H experiment. 
However, we found interaction of the trimmed down NtJoka2 
with NtATG8f could only be observed if the former was pres-
ent in the AD-plasmid but not in the BD-plasmid (compare 
colonies 19 and 20 in Fig. 3B). The LIR motif of mammalian 
p62, responsible for binding to ATG8/UBL proteins, is located 
between ZZ and UBA domains. The similar LIR motif as well 
as the atypical one have been located in NBR1. Several poten-
tial LIR motifs might be predicted in Joka2 and our results do 
not yet enable us to distinguish which of them function as bind-
ing sites for ATG8/UBL proteins. In addition to the interactions 
shown in Figure 3, the co-localization of Joka2-YFP and CFP-
ATG8f was observed after transient expression of both proteins 
in N. benthamiana leaves (Fig. 4). This experiment indicated 
that Joka2-YFP and CFP-ATG8f might be present in common 
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Figure 3. Interactions of Joka2 and ATG8f. (A) The protein gel blot with anti-GST (α-GST) and anti-His (α-HIS) antibodies showing the results of the 
“pull-down” experiment using the mixture of crude exctracts prepared from the bacteria producing His-ATG8f and GST-Joka2. After affinity puri-
fication through the Ni column, both proteins are detected (lane 3) due to ATG8f-Joka2 interaction. The controls, without GST-Joka2 and without 
His-ATG8f, are shown in lanes 1 and 2, respectively. The negative controls with the GST-tag (produced from the empty vector pGEX4T-1) and His-ATG8f 
protein and with the GST-Joka2 protein and the His-tag (produced from the empty vector pET28a) are shown in lanes 1 and 2, respectively. For α-GST 
the high and the low range proteins are shown in the upper part and the middle part, respectively. The molecular marker (M) with the size (kDa) of the 
proteins is indicated. (B) The results of Y2H experiment and (C) the scheme of the Joka2 fragments present in the used plasmids. AD means fusions of 
the activating domain of GAL4 with the indicated protein or domain. BD means fusions of the DNA binding domain of GAL4 with the indicated protein 
or domain. Pluses and minuses indicate the growth and lack of growth, respectively, on the plate shown on the lefthand side. The growth is an indica-
tor of protein-protein interaction. Proteins and domains shown in (B and C) are drawn to scale.
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possibility that the performance of the seedlings is linked to the 
seeds’ mass, the weight of 200 seeds from each line was deter-
mined in triplicates. The calculated average values (shown in Fig. 
7) revealed a lack of association of the response to mineral defi-
ciency with the seed mass. Therefore, the observed difference in 
seedlings performance must depend on other factors, for example 
on efficiency of usage of the limiting nutrients.

Discussion

Autophagy might be a highly selective process implicating cargo 
receptors in removing protein aggregates and damaged or excess 
organelles. A number of ubiquitin-binding proteins containing 
LIR motifs, responsible for their attachment to autophagosome-
specific ATG8-like proteins, exist in mammals. Among them 
the best characterized are p62/SQSTM1 and NBR1. In plants, 
proteins sharing the characteristic motifs of p62 and NBR1 are 
present. The structural similarity suggests that they may pos-
sess a similar function. In this study we focused on the tobacco 
protein Joka2. Several lines of evidence certify that this protein 
is a structural and functional homolog of the mammalian auto-
phagy cargo receptors: (i) conservation of characteristic domains  
(Fig. 2), (ii) formation of Joka2-Joka2 homodimers via PB1 
domain (Fig. 3B), (iii) interaction and co-localization with 
ATG8 (Figs. 3 and 4), (iv) subcellular localization pattern and 
increased number of Joka2-YFP speckles in response to E64d 
treatment (Fig. 5). Accordingly, we propose that the process of 
selective autophagy functions in plants similarly to mammalian 
cells and involves both the core molecular machinery and the 
selective cargo receptor(s).

Only one isoform of Joka2-like protein was identified in N. 
tabacum. In addition, we were able to identify only one copy 
of Joka2-like gene in A. thaliana, At4g24690. This result sug-
gests that Joka2 might be the only autophagy cargo recep-
tor for protein aggregates in plants, in contrast to mammals, 
where at least two of them (p62 and NBR1) are present.17 
Intriguingly, none of the several available T-DNA insertional 
mutants (SALK_053992, SALK_135513, SALK_144852, 
GK536D03.01) within At4g24690 gene appeared to be homozy-
gous. Despite our intensive efforts we failed in obtaining homo-
zygous T-DNA insertional mutants in the next generations and 

seedlings double stained with DAPI and AO 
displayed blue, green and red fluorescence 
in the nucleus but only J4-1 displayed con-
siderable fluorescence in intracellular spots 
outside the nucleus. The observed co-local-
ization of the Joka2-YFP signal with the red 
AO signal in J4-1 seedlings indicates that 
these vesicles have acidic character, which in 
turn, is a characteristic feature of autophagic 
lysosomes.

An additional proof for location of Joka2-
YFP in autophagosomes was obtained after 
application of cysteine protease inhibitor, 
E64d, to the J4-1 seedlings. This procedure 
resulted in an increased number of Joka2-
YFP granules (Fig. 5C). It is well documented that E64d is an 
inhibitor of autophagic degradation of the proteins, what results 
in accumulation of undegraded cytoplasmic components in 
newly formed autolysosomes.49 This result suggests that Joka2, as 
its mammalian homologs, might be degraded during autophagy 
process.

Sulfur and nitrogen deficiency affects expression of Joka2 
and ATG8. Expression of NtJoka2 and NtATG8f was monitored 
in different parts (young leaves, mature leaves, stalks and roots) 
of 2-mo-old LA Burley 21 plants grown for 2 d without sulfur 
(S-), without nitrogen (N-) or in the control (nutrient-sufficient; 
nS) conditions. The semiquantitative RT-PCR (sqRT-PCR) 
indicated that the expression of both genes, ATG8f and Joka2 
was upregulated in roots but not in any shoot parts after 2 d of 
growth in either S- or N-conditions (Fig. 6). The expression of 
UP9C and UP9A genes (the primers used do not allow to distin-
guish between both genes) was used as a control and, as previ-
ously reported in reference 53, these genes were induced in all 
parts of the plants in S- but not in N-conditions. Interestingly, a 
previously unreported slight reduction of UP9C expression was 
observed in N- in mature leaves as compared with nS. It is an 
intriguing observation, however, the significance of such regula-
tion is unclear.

Overexpression of Joka2 decreases nutrient deficiency-
induced yellowing of leaves. Microscopy studies clearly suggested 
that transgenic tobacco lines generated in this study contained a 
high level of Joka2 fusion proteins. Preliminary examination of 
the transgenic J4 and J5 lines in the optimal growth conditions 
did not reveal any obvious phenotypes. Therefore, it was of inter-
est to check if an excess of Joka2 protein would result in any 
noticeable phenotypes in suboptimal conditions.

To check how Joka2 overproduction affects plant response 
to mineral deficiency stress, two transgenic lines, J4-1 and J5-3, 
were germinated in water in parallel with two control lines, the 
parental line, LA Burley 21 and the previously mentioned AB5 
line, overexpressing EGFP. The yellowing of leaf tissue and chlo-
rophyll content were monitored at the 14th dps. The J4-1 and J5-3 
seedlings were greener and had higher chlorophyll contents than 
the control seedlings when maintained in H

2
O (Fig. 7), while 

no apparent difference was observed in seedlings maintained 
in the nutrient-sufficient medium (not shown). To exclude the 

Figure 4. Co-localization of Joka2-YFP and CFP-NtATG8f in Nicotiana benthamiana grown in 
sulfur-deficient medium for 2 d before agroinfiltration. The parts show accumulation of CFP-
NtATG8f fluorescence signal (CFP-NtATG8f), accumulation of NtJoka2-YFP fluorescence signal 
(Joka2-YFP), overlay of both (Merge) and the corresponding tissues under bright field (Light). 
The white arrow indicates the site of signals co-localization. Scale bars (10 μm) are shown.
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In our experiments (Fig. 5) Joka2-YFP was present in both 
the cytosolic granules (co-stained with AO, co-localized with 
ATG8) and in the nucleus (co-stained with DAPI). Mammalian 
p62 can also shuttle continuously between cytoplasm and the 
nucleus and it has the nuclear localization (NLS) and the nuclear 

observed strongly reduced seed germination efficiency in these 
lines (Zientara-Rytter K, Sirko A, unpublished). It is tempting 
to speculate that At4g24690 might encode an essential protein, 
needed at the stage of seed germination, however the experimen-
tal evidence supporting this notion is still limited.
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starvation and oxidative stress. It is also a mechanism for regula-
tion of programmed cell death in response to pathogens and of 
developmentally regulated programmed cell death.67 Regulation 
of autophagy in mammals is better characterized. The process is 
controlled by pathways that interpret the status of cellular energy 
(AMP-dependent protein kinase) and nutrients (target of rapamy-
cin), and by growth factors such as insulin.9 The previously con-
sidered candidates for regulators of ATG genes in plants include 
hormones such as cytokinins37 and ABA.68 The physiological role 
of autophagy in plants grown under starvation has been studied 
before and it has been reported that autophagy-defective mutants 
are impaired in autophagosome formation and cannot survive 
certain starvation conditions.46 The better performance of our 
transgenic tobacco lines containing increased amounts of Joka2-
YFP and Joka2-CFP resemble effects observed in A. thaliana 
overproducing GFP-ATG8f-HA fusion.37 One could speculate 
that the decreased leaf yellowing of J4-1 and J5-3 lines during 
stress might be an indication of better recycling of the waste due 
to the enhanced autophagy, however more studies are needed to 
understand this process and the observed phenotypes.

To our knowledge no reports about any role of autophagy in 
plants during sulfur starvation existed previously despite work 
on autophagy function in response to sugar, carbon and nitro-
gen starvation.67 Therefore, identification of Joka2 as a partner 
of UP9C protein was surprising. The function of UP9/LSU-like 
proteins is unknown but UP9C has been recently recognized as 
required for adequate plant response to sulfur deficit.53 It is pos-
sible to speculate that some UP9/LSU-like proteins, especially 
those encoded by genes strongly induced during sulfur depriva-
tion, might link sulfur deficiency response with selective protein 
degradation through autophagy or in proteasomes. As demon-
strated in our laboratory, UP9C is able to interact with a variety 
of protein partners, including proteins involved in synthesis and 
signaling of important phytohormones, such as jasmonic acid and 
ethylene. Concerning the possible mechanisms and consequences 
of Joka2-UP9/LSU interactions several hypotheses can be con-
sidered: (i) UP9/LSU can modulate certain properties of Joka2, 
e.g., subcellular localization, cargo recruitment and/or ability to 
form multimers or aggregates—to our knowledge this would be 
a novel mechanism not found for p62; (ii) UP9/LSU could act as 
adaptors between different cargo proteins and the cargo receptor, 
Joka2—to our knowledge no such adaptors were proposed for 
p62; (iii) during sulfur starvation (or possibly other conditions) 
Joka2 could sequester UP9/LSU away from their functionally 
relevant sites or targets in cells. This is an interesting hypothesis, 

export signals (NES). Shuttling of p62 between both compart-
ments is modulated by its phosphorylation and aggregation.27,58 
Unlike the cytosol, where two complementary proteolytic sys-
tems, lysosomes and proteasomes, are responsible for protein 
degradation, the nucleus is believed to have only the protea-
somal system. Therefore, it was suggested that in the nucleus 
p62 could facilitate the recruitment of protein aggregates to the 
proteasome.58 Other researchers suggested that p62 can serve as 
an adaptor for proteasomal degradation of certain ubiquitinated 
proteins and that it has a ubiquitin-independent role in degrada-
tion of some autophagy substrates.62,63 On the other hand, it has 
been postulated that p62 can be implicated in two different, but 
not mutually exclusive, mechanisms of the crosstalk between the 
ubiquitin-proteasome and autophagy-lysosome systems. At time 
when autophagy operates at normal rate, p62 serves to deliver the 
ubiquitinated proteins for autophagosomal destruction. However, 
in the situation when autophagy is impaired, p62 prevents the 
proteasomal degradation of some proteins by competing with 
other ubiquitin binding proteins, which facilitate proteasomal 
degradation.64,65 In any case, the ability to reside in cytoplasmic 
speckles and in the nucleus suggests that p62 serves a complex 
role. Moreover, at least two distinct p62 subpopulations exist in 
cytoplasm, one within membrane-free aggregates and one with 
membrane-confined autophagosomal and lysosomal structures. 
A novel regulatory mechanism was recently proposed, where a 
membrane-free aggregate containing p62 would form in a rapidly 
reversible manner facilitating sequestration of specific cargo away 
from their normal, functionally important sites within the cell.66 
Similar functions of the plant Joka2 protein can be considered, 
however at present they are too speculative.

Our results, including organ-specific regulation of NtJoka2 
and NtATG8f transcription by N- and S-deficiency, interaction 
between NtJoka2 and NtUP9C, and increased tolerance of J4 
and J5 plants to such environmental stresses as nutrient defi-
ciency, strongly suggest the involvement of Joka2 (and indirectly, 
of selective autophagy) in plant response to these stresses. As 
shown in Figure 6 transcription of Joka2 and ATG8f is appar-
ently induced in tobacco plants grown in either N or S deficiency. 
Interestingly, in the conditions of our experiments (2 d of nutri-
ents deficit) expression of both genes was upregulated only in 
the roots but not in any shoot parts. This observation might be 
important in identification of the regulatory elements of the long-
distance signaling of nutrients availability and of the overall plant 
nutritional status. The autophagy process in plants occurs as a 
general response to different abiotic stresses, including nutrient 

Figure 5 (See opposite page). Localization of Joka2-YFP in tobacco seedlings. (A) The overlays of the signal for Joka2-YFP, DNA staining with DAPI, 
chlorophyll signal (observed as a red fluorescence of the chloroplasts; seen only in green parts) and brightfield image are shown for the indicated 
numbers of days post sawing (dps) in the indicated parts of the J4-1 seedlings grown in the indicated conditions (-S, sulfur starvation; -N, nitrogen 
starvation; nS, nutrient sufficient medium and water). Images 1–4 are magnifications of the indicated parts. Notice, a difference in the number of green 
spots between the roots (Joka2-YFP abundant) and the shoots (Joka2-YFP hardly detected), which is clearly observed in the shoot-root transition zone 
(magnified picture #3). Arrows point the cytosolic spots, while arrowheads the nuclei. (B) The signals of DAPI-stained nuclei, fluorescent protein (Joka2-
YFP for J4-1 or EGFP for AB5), red signal after acridine orange staining (AO) and the overlay of all is shown for the indicated plants: LA Burley 21 (LAB21) 
and transgenic AB5 (producing EGFP) used as a control and J4-1 grown in water for 14 d. Extranuclear Joka2-YFP speckles and red spots stained by AO 
(if present) are shown by arrows. Arrowheads point the nuclei. (C) The treatment with protease inhibitor E64d increases the number of spots including 
Joka2-YFP. Both upper parts show the Joka2-YFP signal, while both lower parts show the corresponding tissues in the transparent view (Light). The 
scale bars are indicated. The separate signals used for the overlay are shown in Figures S2–5.
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availability. The above hypotheses are currently under 
study in our laboratory.

Although a complete understanding of the mecha-
nisms explaining the role of Joka2 in tobacco plants is 
missing, our results strongly suggest that this protein is a 
structural and functional homolog of mammalian selec-
tive autophagy receptors, p62 and NBR1.

Finally, it is worthwhile to mention that the transgenic 
tobacco plants described in this work, which overpro-
duce Joka2-YFP and Joka2-CFP fusion proteins, might 
be a useful tool for studying the process of autophagy in 
plants. Recently, a reporter system to monitor autophagy 
in mammalian cells based on p62 has been proposed.69 
According to the authors, the GFP-p62 performed the 
best among the three tested reporter fusions (GFP-LC3, 
GFP-NBR1 and GFP-p62) and was the most useful in 
screening for compounds or conditions that affected the 
rate of autophagy.

Materials and Methods

DNA methods and plasmids construction. Plasmids 
used in this work are described in Table S2. Details on 
their construction are available upon request. Gateway BP 
recombination by using attB-tailed gene-specific prim-
ers or cDNA cloning into pENTRTM/D-TOPO vector 
and Gateway LR recombination reactions were done as 
described in the Gateway® Technology—a universal tech-
nology to clone DNA sequence for functional analysis and 
expression in multiple systems (Invitrogen, 12535-019 and 
12535-027). Oligonucleotides for PCR, RT-PCR, RACE 
and DNA sequencing are listed in Table S3. All plasmids 

were checked by restriction digestion and/or by DNA sequenc-
ing. Conventional techniques were used for DNA manipula-
tion and Escherichia coli transformation.70 The cDNA synthesis 
and semiquantitative RT-PCR (sqRT-PCR) were conducted as 
previously described in reference 71. RNA isolation and mRNA 
purification for the 5'- and the 3'-RACE were performed using 
the SMARTTM RACE cDNA Amplification Kit (BD Biosciences-
Clontech, 634914) according to the procedure recommended by 
the manufacturer.

because at least two examples of such effects exist for p62. The 
first concerns cyclic AMP phosphodiesterase66 and the second—
Keap1 (kelch-like ECH-associated protein 1).21 Unfortunately, 
since the molecular function of UP9/LSU is not yet character-
ized, it is rather difficult to verify the consequences of Joka2 
binding. In any case, Joka2-UP9/LSU interaction might form 
a novel regulatory mechanism responsible for fast functional 
inactivation or protection of the target proteins. Consequently, 
the process would ensure the swift plant adjustment to nutrient 

Figure 6. Expression of Joka2, 
ATG8f and UP9 in various parts of 
LA Burley 21 plants. The 8-week-old 
plants grown in nutrient-sufficient 
(nS) medium were transferred for 
2 d into S- or N-deficient medium 
and, as a control, to nS again. Gene 
expression was monitored by 
sqRT-PCR. Expression of actin (Tac9) 
served as a control. The UP9 con-
tains the mixture of UP9C and UP9A 
(both induced by sulfur starvation) 
because the used primers amplify 
both products.

Figure 7. Effect of mineral deficiency stress on plants overproducing Joka2 
fusion proteins. The mass of 200 seeds determined before sowing as well as the 
phenotype and chlorophyll content of tobacco seedlings germinated and main-
tained for 14 d in water are shown. LAB21, LA Burley 21; AB5, the line producing 
EGFP; J4-1, the line producing Joka2-YFP, J5-3, the line producing Joka2-CFP.
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the prepared bacterial suspension using needleless syringe. Leaves 
were harvested and analyzed under confocal microscope 3 d after 
agroinfiltration.

Plant growth conditions and chlorophyll measurement. 
Tobacco seeds were surface-sterilized in microcentrifuge tubes 
using a vapor-phase seed sterilization method. Shortly, tubes with 
seeds were placed into a desiccator jar along with two beakers, 
each containing 50 ml of bleach and 1.5 ml of concentrated HCl. 
Sterilization by chlorine fumes was continued for 3 h. Then, 
centrifuge tubes containing seeds were placed in a sterile lami-
nar flow hood and left open for 1 h. Depending on the experi-
ment, the seeds were spread into water or on plates with modified  
0.5 x Hoagland medium either full (nS) or lacking nitrogen (N-) 
or sulfur (S-). In N-medium the equimolar amounts of KOH, 
KH

2
PO

4
 and CaCl

2
 were used instead of KNO

3
, NH

4
H

2
PO

4
 and 

Ca(NO
3
)

2
, while in S-medium the equimolar amounts of MgCl

2
 

replaced MgSO
4
. The medium was either liquid (in Erlenmayer 

flasks or hydroponic containers) or solidified with agar (0.8% 
w/v). The seedlings were incubated in a growth chamber under a 
long-day regime of 16 h light/8 h dark cycle at 24°C. For testing 
the effect of mineral deficiency, the sterilized seeds were germi-
nated and seedlings were maintained for 14 d in H

2
O. Entire 

seedlings were collected and the chlorophyll content was mea-
sured as previously described in reference 74.

Microscopy methods. The stock solution of E64d protease 
inhibitor (Alexis, BML PI107 0001; 10 mg/ml in ethanol) and 
fluorescent dyes [DAPI (Sigma-Aldrich, D9561; 1 mg/ml in 
DMSO), acridine orange (AO) (Invitrogen, A3568; 10 mg/ml in 
H

2
O)] were prepared. Tobacco seedlings were washed and incu-

bated with DAPI (1 μg/ml) and/or AO (1 μg/ml) for 15 min in 
the darkness at room temperature or with E64d (1 μg/ml) for 1 
d. After the treatment, seedlings were washed in water (3 times, 5 
min each) and observed using a confocal microscope. The images 
were obtained at the Laboratory of Confocal and Fluorescence 
Microscopy at IBB PAS with a Nicon confocal microscope, 
Eclipse TE2000-E and processed using EZ-C1 3.60 FreeViewer 
software. For GFP/YFP or AO (green signal) imaging, the 488-
nm line from an Argon-Ion Laser (40 mW) was used for excita-
tion, and a 500–530 nm or a 565–640 nm band pass filter for 
detection of emission. The 543 nm line of a Green He-Ne Laser 
(1.0 mW) and a 650 nm long pass filter were used for chloro-
phyll emission and detection, respectively. The blue fluorescence 
of DAPI or CFP was imaged using 404 nm Violet-Diode Laser 
MOD (44.8 mW) for excitation and a 430–465 nm or 435–485 
nm band pass filter for emission.

Computer analysis and accession numbers. Similarity 
searches were performed with BLASTP at NCBI (www.ncbi.nlm.
nih.gov/BLAST/) or with BLASTN using TGI Database of plant 
EST at DFCI (http://compbio.dfci.harvard.edu/tgi/plant.html). 
Translation of nucleotide sequences was generated at EMBL-EBI 
(www.ebi.ac.uk/services/index.html). Multiple sequence align-
ment was generated by MAFFT ver.5.667 using the E-INS-i strat-
egy (http://timpani.genome.ad.jp/~mafft/server/).75 Phylogeny 
was inferred by programs from the Phylip v3.36 package.76 
Sequences were aligned in Phylip-format using T-coffee (www.
ch.embnet.org/cgi-bin/tcoffee_parser). The following programs 

Yeast two-hybrid experiments. The N. plumbaginifolia cDNA 
library in pGAD10 was a kind gift of Dr. Witold Filipowicz, 
Friedrich Miescher Institute for Biomedical Research, Basel, 
Switzerland. Manipulation of yeast cells and library screen-
ing were performed according to standard protocols (Clontech 
Yeast Protocol Handbook, PT3024-1). The PJ69-4 72 strain of 
Saccharomyces cerevisiae was used for transformation and approxi-
mately 6.5 x 106 transformants were placed on selective medium 
lacking leucine, tryptophan and histidine (SD-LTH). True 
positive prey clones, after retransformation, were confirmed for 
their ability to activate the three reporter genes, HIS3, ADE2 
and lacZ, when cotransforming yeasts with pJK1 as a bait. For 
simultaneous transformation with the defined “bait” and “prey” 
plasmids, since just several transformants were sufficient for fur-
ther applications, the “Quick and Easy TRAFO Protocol” avail-
able at www.umanitoba.ca/faculties/medicine/biochem/gietz/ 
and the S. cerevisiae AH109 strain with four reporter genes 
(HIS3, ADE2, MEL1 and lacZ) were used.

Immunoblots and “pull-down” assay. Prior to the “pull-
down” assay the presence of recombinant proteins fused to GST 
or his-tag in the respective bacterial extracts was verified by 
immunoblots using mouse monoclonal or rabbit polyclonal anti-
GST IgG and rabbit polyclonal anti-his IgG (Sigma-Aldrich, 
G1160 or Santa Cruz Biotechnology Inc., SC-33613 and H-15 
SC-803) as primary antibody and anti-rabbit IgG or anti-mouse 
IgG conjugated to alkaline phosphatase (Sigma-Aldrich, A3687 
or A3562) as secondary antibody. The “GST pull-down” assay 
consisted of the following steps: (1) the protein extract from bac-
teria producing recombinant His-tagged UP9C was mixed with 
the extracts from bacteria producing GST-ZZ (the part of Joka2 
with ZZ domain), GST-Joka8, GST-Joka20 or GST; (2) extracts 
were incubated on ice for 6 h with gentle rocking; (3) proteins 
were purified in the native condition on Glutathione Sepharose 
column (GE Healthcare Bio-Sciences AB, 17.0756-01); (4) pro-
tein gel blots were performed with appropriate antibodies. The 
“HIS pull-down” assay consisted of the following steps: (1) the 
protein extract from bacteria producing recombinant His-tagged 
ATG8f was purified in the native condition on HIS-select HF 
Nickel Affinity Gel (Sigma-Aldrich, H0537), (2) the protein 
extract from bacteria producing GST-tagged Joka2 protein was 
incubated with gel in 4°C overnight with gentle rocking; (3) pro-
teins were purified and eluated in the native condition; (4) pro-
tein gel blots were performed with apropriate antibodies.

Plant transformation and transient expression. The pJ4 and 
pJ5 plasmids were used for stable agrobacterium-mediated trans-
formation of N. tabacum cv LA Burley 21 as previously described 
in reference 73. Kanamycin- or hygromycin-resistant plants were 
selected and self-pollinated to obtain T2 generation. For tran-
sient co-expression of CFP-NtATG8f and Joka2-YFP proteins 
in N. benthamiana leaves a fresh overnight cultures of A. tume-
faciens, containing the appropriate binary plasmids, were spun 
down, washed twice and re-suspended in sterile water to obtain 
a cell density of 2 x 108 cfu/ml (OD

600
 ~ 0.2), then cultures were 

mixed and diluted to a final OD
600

 ~ 0.4. Young N. benthamiana 
plants with fully expanded leaves of about 5 cm in diameter were 
transfer to S-conditions 2 d before infiltration of the leaves with 
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