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Abstract

Key message The genes coding for wheat ATG4 and
ATGS8 were cloned and their roles in autophagy were
verified. Implications of ATG4/ATG8 in wheat
responses to stresses were suggested by expression
profiling.

Abstract  Autophagy-related proteins ATG4 and ATGS
are crucial for autophagy biogenesis. ATG4 processes
ATGS8 precursor to expose its C-terminal glycine for
phosphatidyl ethanolamine (PE) lipidation. ATGS, in the
form of ATGS-PE adduct, functions in the organization
dynamics of autophagic membranes. Here, we report the
identification of two/nine members of the ATG4/ATG8
family from common wheat (Triticum aestivum L.).
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Expression of each wheat ATG4/ATGS8 could complement
the autophagy activity of yeast atg4/atg8 mutant cells. GFP
fusion proteins of ATGSs, especially of ATG8s with innate
C-terminal-exposed glycines, localized to punctate auto-
phagic membranes. Both of purified ATG4s could cleave
ATGSs in vitro, but they had different activities and dif-
ferent preferences for ATGS substrates. Two times of
transcript accumulation, an early one and a late one, of
ATG4s/ATGS8s were detected in the early phases of the
Pm21- and Pm3f-triggered wheat incompatible reactions to
the powdery mildew causal fungus Blumeria graminis f. sp.
tritici (Bgt), and fluorescence microscopy also revealed a
Bgt-induced enhanced wheat autophagy level in the Pm21-
triggered incompatible reaction. Only one time of Bgt-
induced transcript accumulation of ATG4s/ATGSs, corre-
sponding to but much higher than the late one in incom-
patible reactions, was detected in a susceptible line
isogenic to the Pm2I resistance line. These results sug-
gested positive roles of ATG4/ATG8-associated autophagy
process in the early stage and possible negative roles in the
late stage of wheat immunity response to Bgr. In addition,
expression of wheat ATG4s/ATGSs was also found to be
upregulated by abiotic stress factors and distinctively reg-
ulated by different phytohormones.

Keywords Autophagy - ATG4 - ATG8 - Powdery
mildew - Triticum aestivum L

Abbreviations
ATG Autophagy-related gene
PE Phosphatidyl ethanolamine

EST Expressed sequence tag
ORF Open reading frame

GFP Green fluorescent protein
ET Ethylene
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SA Salicylic acid

MelJA Methyl jasmonate

ABA Abscisic acid

PEG Polyethylene glycol
gRT-PCR Quantitative real-time PCR
TA Transcript accumulation
Introduction

Autophagy is a degradative process adopted by eukaryotic
cells to clean up excessive or damaged cellular structures
and macromolecules for recycling of nutrients (Liu and
Bassham 2012; Li and Vierstra 2012; Klionsky et al. 2012).
In autophagy, batch of cytoplasmic materials are engulfed
into double membrane-bound autophagosomes and even-
tually delivered as inner membrane-enclosed autophagic
bodies into the vacuole/lysosome for breakdown. So far, 36
autophagy-related (ATG) proteins have been identified in
yeast, among which 17 core ATGs are involved in the
biogenesis of autophagosomes (Xie and Klionsky 2007;
Reggiori and Klionsky 2013). Two ubiquitin-like proteins,
ATGS8 and ATGI2, and their conjugation systems which
are essential for autophagy have been studied in detail
(Mizushima et al. 1998; Ohsumi 2001; Reggiori and
Klionsky 2013). Newly synthesized ATGS8 precursor needs
cleavage by the cysteine protease ATG4 to expose a
C-terminal glycine residue, whereas ATG12 has an innate
C-terminal glycine residue. The conjugation systems begin
with the ATP-dependent linkage between the ATGS/
ATG12 C-terminal glycine and a conservative cystine in
the El-like protein ATG7. Then, ATG8 and ATGI12 are,
respectively, transferred to the E2-like protein ATG3 and
ATG10. Finally, ATGS is donated to the lipid phosphatidyl
ethanolamine (PE) to form ATGS8-PE adduct (ATGS lipi-
dation); ATG12 is connected with ATGS5. ATG12-ATG5
directly associates with ATG16 and forms a large complex
through ATG16 oligomerization, which may function as an
E3-like enzyme to catalyze the last step of ATGS-PE
production (Hanada et al. 2007; Romanov et al. 2012).
ATGS lipidation and its autophagic membrane positioning
are crucial for autophagic membrane assembly, extension,
closure and fusion with vacuole (Nakatogawa et al. 2007,
Xie et al. 2008). Besides processing ATG8 to expose its
C-terminal glycine, ATG4 can also deconjugate ATGS-PE
to release ATG8 from autophagic membranes, which is an
important step facilitating autophagosome maturation and
converting it into the fusion-capable form (Nair et al.
2012).

The autophagy process is highly conserved and ATG
orthologues retain in fungi, plants and mammals (Bassham
2009; Liu and Bassham 2012). As to plants, large scale
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identifications have suggested a total of 36 ATG genes in
Arabidopsis (Doelling et al. 2002; Hanaoka et al. 2002;
Yoshimoto et al. 2004; Bassham et al. 2006) and certain
numbers in rice (Xia et al. 2011) and maize (Chung et al.
2009). ATG4/ATG8 and other key factors in the two
conjugation systems are also essential for plant autophagy
(Hanaoka et al. 2002; Ketelaar et al. 2004; Yoshimoto et al.
2004; Yoshimoto 2012). The formation processes of
Arabidopsis ATG8-PE and ATG12-ATGS-ATG16s com-
plex have been simulated using recombinant proteins
in vitro (Fujioka et al. 2008). Preliminary work on the
identification of ATG4/ATGS families has also been
reported in crop plants as rice (Su et al. 2006; Xia et al.
2011), corn (Chung et al. 2009) and soybean (Xia et al.
2012).

Autophagy has been suggested to play important roles in
plant growth, development and responses to biotic and
abiotic stresses including nutrition deficiency, oxidation,
osmosis, drought and pathogen infections (Bassham et al.
2006; Hayward and Dinesh-Kumar 2011). So far, few
studies on mechanisms and physiological functions of
autophagy have been reported in crop plants, especially
few in common wheat (Triticum aestivum L.) which is one
of the most important food crops in the world. Here, for the
first time, we report the identification of ATG4 and ATGS8
family members from common wheat. Evidences from
yeast atg mutant complementation, subcellular localization
of GFP fusion proteins and in vitro enzyme digestion
analysis of ATG8s by ATG4s were provided to demon-
strate the essential roles of ATG4s/ATG8s we identified on
autophagy biogenesis in wheat. Expression profiles of
wheat ATG4s/ATGS8s in response to the powdery mildew
causal fungus Blumeria graminis f. sp. tritici (Bgt), to
various abiotic stresses and to exogenously applied phy-
tohormones were also presented in detail. These results
provided crucial clues for deciphering the underlying roles
of ATG4/ATGS8 and their associated autophagy process in
wheat responses to severe environmental conditions.

Materials and methods
Plant materials and fungal isolate

Two pairs of wheat near isogenic lines were used in this
study. One pair was 92R137/Yangmai 158" (carrying the
broad-spectrum powdery mildew resistance gene Pm21)
and its recurrent parent Yangmai 158, and the other pair
was Michigan Amber/Chancellor® (carrying the isolate-
specific powdery mildew resistance gene Pm3f) and its
recurrent parent Chancellor. The prevalent Chinese Bgt
isolate E09, which is avirulent to Pm2] and Pm3f but
virulent to Yangmai 158 and Chancellor, was maintained
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on seedlings of the susceptible cultivar Sumai 3 in a spore-
proof greenhouse.

Growth conditions and stress/chemical treatments

Wheat seeds were sown in 9-cm pots filled with a mixture of
peat, vermiculite and perlite and grown under a 20 °C, 16-h
light/8-h dark regime in a controlled climate chamber. Two-
leaf stage seedlings were subject to different treatments. Bgt
inoculation was conducted by heavily shaking off fresh Bgt
conidiospores from diseased plants onto experiment seed-
lings. For treatments of exogenous phytohormones, 2 mM
salicylic acid (SA), 1 mM Methyl jasmonate (MeJA),
200 uM Ethylene (ET) generator ethephon or 100 pM
abscisic acid (ABA) each in 0.05 % Tween-20 were
sprayed onto leaves. Seedlings sprayed with 0.05 % Tween-
20 were used as controls. For abiotic treatments, seedlings
were transferred to Murashige and Skoog (MS) salt solution
for several days and then respectively adding in the MS salt
solution of 200 mM NaCl (high salinity stress), 20 % PEG-
6000 (drought stress) or by depleting NH4,NOj3 and replac-
ing KNO; with KCI (nitrogen deficiency). For low tem-
perature/darkness treatment, seedlings were transferred to a
4 °C refrigerator and kept in darkness. Leaves harvested at
defined time points were frozen by liquid nitrogen and then
stored at —80 °C.

Gene cloning and sequence analysis

Protein sequences of ATG4/ATGS family members from
Arabidopsis (Hanaoka et al. 2002) and rice (Xia et al.
2011) were used as electronic probes for TBLASTN search
against the dbEST division of GenBank. Wheat ESTs
putatively encoding ATG4/ATG8 were downloaded from
the TBLASTN results and assembled into contigs in Vector
NTI Advance 11.5. If needed, contigs were electronically
extended by searching for new terminal ESTs to cover full-
length ORFs. Primers (Table S1) were designed based on
the assembled contigs for subsequent amplification of
cDNAs by RT-PCR. Total RNA was prepared using Trizol
(Invitrogen) from leaves of 92R137/Yangmai 158’ col-
lected 48 h after inoculation of Bgt. Here, pathogen inoc-
ulation was used as an inducer for enhanced transcription
of ATG genes of interest. Extracted RNA was treated with
DNasel (RNase-free), and used as templates for first-strand
cDNA synthesis by Oligo dT primers and the Quantscript
RT Kit (Tiangen). Wheat ATG4/ATGS cDNAs were
amplified with the high-fidelity Pfu DNA polymerase.
Amplified fragments were A-tailed and cloned into the
T-tailed vector pGEM®-T Easy (Promega). Giving that
wheat is a hexaploid with three homoeologous subgenomes
(AABBDD) and thus different members of a gene family
may share identical sequences at primer binding sites, more

than 10 recombinant clones from each PCR product were
picked to sequencing. The serial number for each wheat
ATG4/ATG8 member was assigned according to their
relationship with the members of Arabidopsis ATG4/
ATGS8 family (Doelling et al. 2002; Hanaoka et al. 2002).
Gene sequences were stored in GenBank.

Conservative domains and motifs were predicted in
SMART  (http://smart.embl-heidelberg.de). =~ Multiple
sequence alignment was performed with ClustalX 2.1.
Phylogenetic trees were constructed in Mega 5 by the
Neighbor-joining method (bootstrap test with 1,000 repli-
cates). Genomic sequences covering upstream promoter
regions were obtained by iterative steps of BLAST
searching (E < 107°) and assembling in the wheat draft
genome database (http://www.cerealsdb.uk.net) using
cDNA sequences as the first input. cDNA and genomic
sequences were compared by Splign (NCBI) to analyze the
exon—intron structures of genomic ORFs. Cis-acting ele-
ments in promoter sequences were predicted in the Plant-
Care website (http://bioinformatics.psb.ugent.be/webtools/
plantcare/) with a matrix score >5.

Complementation test of yeast atg mutants

ORFs of wheat ATG4s/ATGS8s were amplified as NotI-Notl
fragments by primers (Table S1) using the pfu DNA
polymerase. PCR fragments were each digested and cloned
into the yeast expression vector pFL61 in which constitu-
tive expression of each inserted gene was driven by the
yeast phosphoglycerate kinase (PGK) gene promoter.
Recombinant vectors were sequenced to prove the correct
cDNA insertion direction (initiation codon of cDNA
adjacent and downstream to the PGK promoter). Wild-type
yeast BY4741 and two mutants, atg4 (BY4741, atgdA::
kanMX, MAT a; his341; leu2A0; met15A0; ura340) and
atg8 (BY4741, atg8A:: kanMX, MAT a; his3Al1; leu2A0;
met1540; ura3A0) were purchased from Open Biosystems
(Thermo Scientific). Recombinant vectors were each
introduced into yeast atg8 or atg4 cells according to the
LiAc/SS-DNA/PEG TRAFO protocol (Gietz and Schiestl
2007). Positive transformants were screened on SC-U
medium. Yeast autophagy complementation test was per-
formed according to Fujiki et al. (2007). Briefly, Yeast
cells were cultured with shaking at 30 °C in SC medium to
mid-log phase (ODgoy = 1). Cells were then collected,
washed and incubated for another 5 h in nutrient depriva-
tion medium (0.67 % nitrogen base, without glucose,
amino acids and ammonium sulfate) to induce autophagy.
1 mM phenylmethylsulfonyl fluoride (PMSF) was added in
the medium to accumulate autophagic bodies in the vacu-
oles. The appearance of autophagic bodies was observed
using a differential interference contrast microscope
(DM5000B, Leica).
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«Fig. 1 Phylogenetic relationships of eukaryotic ATG4s or ATGSs.
Phylogenetic trees were constructed in Mega 5 by the Neighbor-
joining method. The reliability of internal branches was assessed by
bootstrapping, with 1,000 bootstrap replicates, and values are shown
in percentages, with a branching cut-off at 50 %. a Phylogenetic tree
of eukaryotic ATGS8s. b Alignment of the C-terminal sequences of
plant ATGS8s. The conservative glycine residue for PE-conjugation is
indicated by an arrowhead. Sequences in a and b include the nine
wheat ATGS8s here identified, AER27507 (TdATGS) from Triticum
dicoccoides, XP_003581707 (BdATG8a) and XP_003571383
(BAATG8b) from Brachypodium  distachyon, Os07g0512200
(OsATG8a), 05040624000 (OsATGS8b), Os0820191600 (OsATGS8c)
and 0s02g0529150 (OsATGS8d) from Oryza sativa, ACJ73920
(ZmATGS8a), ACI73921 (ZmATGS8b), ACI73922 (ZmATGS8c),
ACJ73923 (ZmATG8d), and ACJ73925 (ZmATGS8e) from Zea mays,
At4g21980 (AtATGS8a), At4g04620 (AtATG8b), Atlg62040
(AtATGS8c), At2g05630 (AtATG8d), At2G45170 (AtATGSe),
At4g16520 (AtATGSf), At3g60640 (AtATGS g), At3g06420
(AtATGS h) and At3g15580 (AtATGSi) from Arabidopsis thaliana,
ACUI13796 (GmATG8a), ACUI14633 (GmATGS8b), ACU17086
(GmATGS8c), BAH22449 (GmATGS8d), ACU15101 (GmATGSe),
ACU19559 (GmATGSf), ACU13862 (GmATG 8 g), ACU16419
(GmATGS8 h), BAH22448 (GmATGS8i) and ACU19611
(GmATGS k) from Glycine max, NP_009216 (HsATGS, GATE16/
GABARAPL2) from Human and NP_009475 (ScATGS) from Yeast.
Names of wheat ATGSs are indicated by asterisks. ¢ Phylogenetic tree
of eukaryotic ATG4s. Sequences in the tree include the two wheat

ATG4s here identified, 0s03g0391000 (OsATG4a) and
0s04g0682000 (OsATG4b) from Oryza sativa, ACJ73912
(ZmATG4a) and ACJ73914 (ZmATG4b) from Zea mays,

At2g44140 (AtATG4a) and At3g59950 (AtATG4b) from Arabidopsis
thaliana, NP_443168 (HsATG4a) from Human and NP_014176
(ScATG4) from Yeast

Subcellular localization of wheat ATGS8s

ORFs of wheat ATGS8s were amplified using the pfu DNA
polymerase by primers with additional restriction sites
(Table S1). PCR fragments were each digested and ligated
downstream and in-frame with the GFP ORF in the vector
pA7-GFP, in which expression of each GFP-ATGS fusion
gene was driven by two tandem-arranged CaMV 35S
promoters. Constructed vectors were verified by sequenc-
ing. Plasmids were introduced into onion epidermal cells
by particle bombardment with PDS1000/He (BioRad)
(Scott et al. 1999). GFP fluorescence was visualized by
epifluorescence microscopy (DM5000B, Leica) 24 h after
bombardment.

In vitro analysis of protease activity of wheat ATG4s
on ATGSs

Each of the Not I-Not I PCR fragments of wheat ATG4s/
ATGS8s amplified in the process of yeast expression vector
construction was also cloned into the prokaryotic expres-
sion vector pET30a. Recombinant vectors were sequenced
to prove the correct cDNA insertion direction (initiation
codon of cDNA adjacent and downstream to the T7 pro-
moter). Expression vectors were, respectively, transformed

into E. coli BL21 (DE3) by the heat shock method. Purified
recombinant proteins were obtained through 1 mM IPTG-
induced expression and Ni affinity chromatography under
non-denaturing conditions. In vitro enzyme activity ana-
lysis was carried out according to Wu et al. (2012). Briefly,
20 pl reaction buffer (150 mM Nacl, 1 mM EDTA, 1 mM
DTT, 50 mM Tris—HCl, pH 7.2) containing purified
0.025 mg mL™" ATG4 and 0.5 mg mL~" ATG8 was kept
at 37 °C for 3 h. Then bromophenol blue sample buffer
was added to terminate the reaction. Cleaved products were
resolved by 15 % SDS-PAGE with 6 M urea in the gel mix
to improve resolution.

Expression analysis by quantitative real-time PCR
(qQRT-PCR)

Gene-specific qRT-PCR primers (Table S1) were designed,
and qRT-PCR was conducted in 1Q5 (Biorad) using the
RealMasterMix (SYBR Green) kit (Tiangen). Each sample
was analyzed in triplicate and the experiment was repeated
three times. Relative expression level was calculated using
the 27**“* method (Livak and Schmittgen 2001) with the
amplicon of wheat B-tubulin gene as an internal control.

LysoTracker Red staining and microscopy

Wheat leaf segments were infiltrated with 100 pM E-64d
(Sigma) and then stained with 2 uM LysoTracker Red
DND-99 (Invitrogen) according to the procedure described
previously (Liu Y et al. 2005). Florescence was observed
under a confocal microscope (ECLIPSE 90i, Nikon) with
543 nm excitation of a 1 mW helium:neon laser with
565-625 nm band pass.

Results
Identification of wheat ATGS8 genes

Plant genomes often contain a plurality of ATGS8 paralogs.
Likewise, we identified a family of nine ATG8 genes from
wheat, eight of which (TaATG8a—8 h, GenBank accession
KF294807-KF294814) were identified from the cDNA
pool of Bgt-challenged leaves of the powdery mildew
resistant wheat line 92R137/Yangmai 158’ and one (7a-
ATGSi) by assembly of ESTs (HX189738, CK196170 and
HX?250137). Nine TaATGS8s were divided into three sub-
families according to their sequence similarity and evolu-
tionary relationship (Fig. la, Fig. S1). The six members
(TaATG8a—8f) of subfamily I encode only two amino acid
sequences (119 A.A.), one by TaATG8a, 8d and Se and the
other by TaATG8b, 8c and §f, with only one residue dif-
ference. TaATGS8g, the sole member of subfamily II,
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encodes an amino acid sequence (119 A.A.) with 93 %
similarity to members of subfamily I. Wheat TaATG8g has
identical nucleotide sequence with the reported ATGS from
Triticum dicoccoides (AABB) which is a wheat wild pro-
genitor (Kuzuoglu-Ozturk et al. 2012). There are two
members in subfamily I, TaeATG8h and 8i, and their
nucleotide sequences (351 bp) and encoded amino acid
sequences (116 A.A.), respectively, have 96.2 and 97 %
identity/similarity. Subfamily III nucleotide/amino acid
sequences are 61.5-64.1 %/68 % and 75-76 %/70 %
identical/similar to subfamily I and subfamily II, respec-
tively. All of the nine TaATGS8s contain an ATG8 ubiquitin
domain (pfam: PF02991), within which six essential resi-
dues for the N-terminal microtubule binding site, three for
the ATG7 binding site and the C-terminal conservative
glycine residue for lipidation were predicted (Fig. 1b, Fig.
S1).

In the phylogenetic tree, plant ATGS8s are clustered
into two main clades, Clade I and II (Fig. 1a). Clade I
covers the majority of plant ATG8 family members
comprising all the members from wheat ATGS8 subfamily
I and II, 7/9 members from Arabidopsis, 3/4 from rice,
8/10 from soybean and 5/5 from maize, which suggests
that the ancestor of Clade I and its descents duplicated
more frequently within genomes during evolution. How-
ever, high similarities were retained in clade I between
paralogs (81-100 %) and between orthologues (80-100
%). Clade II covers 1-2 plant ATG8 family members
from each species including TaATG8h-8i of wheat sub-
family III. Long branches within clade II suggest that the
ancestor of Clade II and its descents experienced rapid
evolution processes before and after the differentiation of
monocots and dicots. The similarity between Clade I and
Clade II is 64-71 %. The ancestor of clade II is related to
the production of human ATGS. All plant ATGS8s hold
the C-terminal conservative glycine residue waiting for
PE-conjugation (Fig. 1b, Fig. S1). For ATGSs in clade I,
the glycine residue is generally protected by additional
2-6 residues and needs ATG4 cleavage to expose,
whereas ATGS8s in clade II (except ATG8h and 8i of
soybean) have post-translationally exposed C-terminal
glycine residues.

BLAST searching against the draft genome sequences of
the wheat A-genome progenitor Triticum urartu (Ling et al.
2013) and the D-genome progenitor Aegilops tauschii (Jia
et al. 2013) revealed several ATGS sites on chromosomes
2AL, 2AS, 2D and 5D. Previously, copies of T. dicoccoides
ATGS8 were mapped on chromosomes 1B, 2A and 2D
(Kuzuoglu-Ozturk et al. 2012). The genomic ORF
sequences of TaAT8a and 8g have similar four-intron
structures with a slight difference in intron size (Fig. 2).
The genomic ORF sequence of TaATG8h also contains
four introns, but its introns are greatly extended (the second

@ Springer

Intron

Utr moeee
Exon s

500bp
TaATG8a n # AR m»
TaATG8g m | LI M
TaATG8h o N Amm
Cys166
TaATG4a .‘L t B - [ ey
Cys167
TaATG4b Wmmm L | (HE TS

Fig. 2 Diagram models of wheat ATG4 and ATGS8 genes. An asterisk
indicates the site in TaATG4a where a deletion of three consecutive
bases (a codon for alanine) occurs relative to TaATG4b; Arrows
indicate the site encoding the conserved cysteine residue in the
catalytic active center of TaATG4a and 4b

intron) or shortened (the first and third introns) compared
to TaATGS8a and 8g (Fig. 2).

Identification of wheat ATG4 genes

Two wheat ATG4 genes (TaATG4a—4b, GenBank acces-
sion KF294797-KF294798) were identified from the
cDNA pool of Bgt-challenged leaves of 92R137/Yangmai
158”. TaATG4a has an ORF of 1,452 bp encoding a 483
A.A. protein, and TaATG4b has an ORF of 1,455 bp
encoding a 484 A.A. protein. Three consecutive nucleo-
tides encoding the N-terminus Ala*’> of TaATG4b were
deleted in TaATG4a (Fig. 2, Fig. S2). The nucleotide and
amino acid sequence similarities between TaATG4a and 4b
are 96.7 and 97 %, respectively. Both of TaATG4a and 4b
have a typical Peptidase_C54 domain (Pfam: PF03416) and
a canonical catalytic triad of cysteine protease with three
conserved residues: Cys, Asp and His (Fig. S2).

In the phylogenetic tree, ATG4s from different plant
species were clustered in separate branches (Fig. 1c),
suggesting that ATG4 duplication occurred after the
respective speciation of Arabidopsis, wheat, rice and
maize. For entire sequences, wheat ATG4s share 8§3-84,
79-80 and 64—-67 % similarities with those of rice, maize
and Arabidopsis, respectively. Wheat ATG4s share only
30-31 and 38-39 % similarities with orthologues of yeast
and human, much lower than the corresponding ATGS s
similarities of 72-90 % (between wheat and yeast) and
71-78 % (between wheat and human). The Peptidase_C54
domain sequences are conserved among plant ATG4s and
some key residues conserved among all eukaryotic ATG4s
(Fig. S2). However, the N-terminal sequences before the
Peptidase_C54 domain are much diverged between spe-
cies, and the human ATG4a has a greatly shortened
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Fig. 3 Functional
complementation of atg4 or
atg8 mutant yeast by wheat
ATG4s or ATGSs. Each wheat
ATG4/ATGS gene was cloned in
the plasmid pFL61 and,
respectively, expressed in atg4
or atg8 yeast cells. Cells grown
to mid-log phase were collected,
washed, and subsequently
incubated for another 5 h in
nutrient deprivation medium in
the presence of | mM PMSF.
The appearance of autophagic
bodies was observed using a
differential interference contrast
microscope. Scale bar 5 pm

Wild type

N-terminal sequence. The C-terminal sequences after the
Peptidase_C54 domain differ mainly between monocot and
dicot ATG4s (Fig. S2).

Results from BLAST searching in the mapped wheat
EST database at Graingenes (http://wheat.pw.usda.gov)
showed that a homologous EST of TaATG4 mapped on
wheat chromosomes 2AL, 2BL and 2DL. The genomic
ORF sequences of TaATG4a and 4b have very similar
structures with seven introns (Fig. 2).

Wheat ATG4s and ATGSs rescue yeast autophagy

Yeast expression vectors were constructed for wheat
ATG4s and ATGSs and introduced, respectively, into yeast
atg4 and atg8 mutant cells. After 5-h nutrient starvation
induction, wild-type yeast (BY4741) cells accumulated
numerous autophagic bodies in vacuoles, which were not
(atg8) or rarely (atg4) observed in mutant cells (Fig. 3).
Expression of wheat ATG genes partially recovered the
autophagy function of yeast atg8 cells (expressing Ta-
ATG8a, 8b, 8g or 8h) or atg4 cells (expressing TaATG4a),
evidenced by the significantly increased number of

autophagic bodies in vacuoles (Fig. 3). Successful com-
plementation verified that wheat TaATG8a, 8b, 8g and 8h
are functional homologues of yeast ATGS, and TaATG4a
functional homologue of yeast ATG4.

GFP-TaATGSs localize to autophagic membranes

Localization of ATG8 on the surface of autophagic mem-
branes is essential for autophagy biogenesis. TaATG8a and
8b, 8g and 8h, respectively, representing the wheat ATGS8
Subfamily I, Subfamily II and Subfamily III, were selected
for subcellular localization analysis. Punctate structures
were clearly observed in onion epidermal cells expressing
GFP-TaATGS8h, which may indicate autophagosomes or
their immature structures (Fig. 4). Fluorescence of the
other three constructs, GFP-TaATG8a, 8b and 8g, showed
few punctate structures and sometimes were even diffusely
distributed throughout the cell like the fluorescence in cells
expressing GFP alone (Fig. 4). Subcellular localization
results suggest that the four wheat ATGS8s could be
recruited to autophagic membranes and thus involved in
autophagy biogenesis.
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Light

GFP

GFP-ATG8a

GFP-ATG8b

GFP-ATG8g

Fig. 4 Subcellular localization of wheat ATGS8s in onion epidermal
cells. Fluorescence microscopy images of onion epidermal cells
transiently expressing either green fluorescent protein (GFP) alone or

Wheat ATG4s cleave ATGS8s in vitro

ATGS8 precursor needs cleavage by the protease ATG4 to
expose its N-terminal glycine for PE lipidation. To prove
this for wheat ATG4s and ATGSs, purified recombinant
proteins of TaATG4a, 4b, 8a, 8b and 8g were obtained
through IPTG-induced expression in E. coli and subsequent
Ni affinity chromatography. In vitro digestion experiments
showed that TaATG8a, 8b, 8g can all be used as cleavage
substrates by the two wheat ATG4s (Fig. 5). TaATG4b
cleaved the three substrates more efficiently than Ta-
ATG4a, and have the highest efficiency towards TaATG8a
(Fig. 5).

@ Springer
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GFP-TaATG8a, GFP-TaATGS8b, GFP-TaATG8g, GFP-TaATGS8h
fusion proteins. Scale bar 50 pm

8b 8a 89
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Fig. 5 Wheat ATG8s are cleaved at their C termini by wheat ATG4
proteases. Each wheat ATG4/ATGS was cloned in the vector pET30a
and, respectively, expressed through 1 mM IPTG induction in E. coli
BL21 (DE3). Purified recombinant proteins were obtained by Ni
affinity chromatography under non-denaturing conditions. Protease
cleavage analysis was conducted in a 20-pl reaction buffer containing
0.025 mg mL™' TaATG4 and 0.5 mg mL~' TaATGS at 37 °C for
3 h. Cleaved products were resolved by 15 % SDS-PAGE with 6 M
urea in the gel mix to improve resolution. Arrowheads indicate the
uncleaved forms of ATGS8s (upper bands) and ATG4s-cleaved forms
of ATGSs (lower bands), respectively
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Expression of wheat ATG4s and ATG8s positively
responds to abiotic stresses

Autophagy has been reported to participate in plant
responses to abiotic stresses (Bassham et al. 2006). Thus,
we exposed the line Yangmai 158 to several abiotic
stresses and characterized the expression profiles of Ta-
ATGH4a, 4b, 8a, 8g and 8h by qRT-PCR. All these five
genes showed upregulated expression upon exposure to
high salinity, drought, low temperature/darkness (carbon
deficiency imposed by impaired photosynthesis) or nitro-
gen deficiency (Fig. 6a). Drought treatment resulted in the
strongest activation of the five genes and had a prolonged
effect on TaATG4a and 4b. Low temperature/darkness
treatment upregulated the expression of the three TaATG8s
more quickly than the other treatments. Among the three
TaATGSs, TaATG8a showed the highest transcript accu-
mulation under the treatment of high salinity, and Ta-
ATGS8h showed the highest transcript accumulation under
the treatments of drought and low temperature/darkness,
but the lowest transcript accumulation under the treatment
of high salinity. As to the two TaATG4s, TaATG4a showed
higher transcript accumulation under the treatments of low
temperature/darkness and nitrogen deficiency, and Ta-
ATG4b showed higher transcript accumulation under the
treatment of drought.

Expression of wheat ATG4s and ATG8s responds
to fungus infection

Pathogen infections can induce the expression of plant
ATG genes (Hayward and Dinesh-Kumar 2011). To
determine if infection by the powdery mildew causal fun-
gus Bgt has such effect on wheat, expression of TaATG4a,
4b, 8a, 8g and 8h in Bgt-challenged wheat leaves was
profiled by qRT-PCR in a time period of 0-36 h after
inoculation (hai) of Bgt. Two powdery mildew resistance
types, Pm2I-triggered broad-spectrum resistance and
Pm3f-triggered isolate-specific resistance, and two sus-
ceptible wheat genotypes were considered in this analysis.

In the Pm21- and Pm3f-triggered incompatible reactions
(Fig. 6b), the five wheat ATG genes exhibited two Bgt-
induced transcript accumulation (TA) events, an early one
and a late one. The early TAs peaked at 6-10 hai, which is
around the time when Bgt appressorium germ tubes ini-
tially contact and recognize wheat leaf epidermal cells and
attempt to invade them. On the contrary to the early TAs in
the incompatible reactions, all five genes showed contin-
uous decreased expression during 0—16 hai in the Yangmai
158-Bgt compatible reaction, and four of them showed
such decreased expression during 0-6 hai in the Chancel-
lor-Bgt compatible reaction (Fig. 6b). The late TAs in the
two incompatible reactions peaked at 16-24 hai or beyond

the last investigation time point of 36 hai. Similarly, this
time of TA also occurred in the two compatible reactions
(Fig. 6b). Around the period of 16-24 hai is the time when
invaded structures of Bgt strive in host cells for successful
haustorium formation and parasite establishment. The late
TAs suggested a second time of ATG4s/ATGS8s recruit-
ment occurring after 16 hai in wheat response to Bgt
infection. In addition, the late TAs of the analyzed genes
were much faster and stronger in the susceptible line
Yangmai 158 than in the Yangmai 158-isogenic resistance
line 92R137/Yangmai 158" (Fig. 6b). These Bgt-induced
expression profiles imply that ATG4s/ATG8s are univer-
sally required in wheat broad-spectrum and isolate-specific
resistance responses and in susceptible responses to Bgt.

Wheat autophagy is induced by Bgt infection

Since expression of TaATG4s/TaATGSs positively responds
to Bgt infection, we then infiltrated Bgt-inoculated leaves
with E-64d and stained them with LysoTracker Red to
determine if upregulated expression of ATG genes is in line
with elevated autophagy level. E-64d is a membrane-per-
meable cysteine protease inhibitor and has been success-
fully used in plant to accumulate autophagic bodies inside
autolysosomes including vacuoles and small lytic organ-
elles (Inoue et al. 2006; Bassham 2007). LysoTracker Red is
dye which labels acidic organelles such as lysosomes and
endosomes. This dye also stains autophagosomes/auto-
lysosomes and dotted structures labeled by this dye have
widely been recognized as indicative of plant autophagy
activity (Moriyasu et al. 2003; Liu Y et al. 2005; Hofius
et al. 2009; Lai et al. 2011; Kwon et al. 2013). Before Bgt
inoculation, LysoTracker Red-stained autolysosome-like
structures were rarely observed in leaf epidermal cells of the
resistant line 92R137/Yangmai 158’ (Fig. 7). After Bgt
inoculation, weak (8 hai) or strong (24 hai) level of punctate
autolysosome-like structures were detected (Fig. 7), sug-
gesting an enhanced autophagy level required in the Pm21-
triggered wheat immune response to Bgt. For the suscepti-
ble line Yangmai 158, however, LysoTracker Red-stained
punctate structures were rarely detected regardless of Bgt
infection (data not shown). Thinking of the enhanced
expression of TaATG4s/TaATG8s in Yangmai 158 during
16-24 hai, we cannot exclude that autophagy might become
activated in this wheat-Bgt compatible interaction, but
failed to be detected by us.

Expression of wheat ATG4s and ATGSs responds
to exogenously applied phytohormones

Phytohormone signaling pathways are implicated in the

involvement of autophagy in plant responses to biotic or
abiotic stresses (Liu and Bassham 2012). We hypothesized
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<«Fig. 6 Expression patterns of wheat ATG4s and ATGS8s. a Expression
of wheat ATG4s and ATGS8s in responses to abiotic stresses.
b Expression of wheat ATG4s and ATGS8s in response to Bgt
infection. ¢ Expression of wheat ATG4s and ATGSs in responses to
phytohormone treatments. Two-leaf stage seedlings were subject to
different treatments. For abiotic stress treatments (a), Yangmai 158
seedlings cultured in Murashige and Skoog (MS) salt solution were
treated by, respectively, adding in the MS salt solution of 200 mM
NaCl (high salinity), 20 % PEG-6000 (drought) or by depleting the
NH4NO; and replacing the KNO; with KCI (nitrogen deficiency). For
low temperature/darkness treatment, seedlings were transferred to
4 °C refrigerator and kept in darkness. Pathogen inoculation (b) was
conducted by heavily shaking off fresh Bgr conidiospores from
diseased plants onto seedlings of the isogenic lines 92R137/Yangmai
1587 (Pm2I™) and Yangmai 158 (Pm21°) and the isogenic lines
Michigan Amber/Chancellor® (Pm3f ) and Chancellor (Pm3f 7). For
treatments of exogenous phytohormones (c), 2 mM SA, 1 mM MelJA,
200 uM ethephon (ET generator) or 100 pm ABA each in 0.05 %
Tween-20 were sprayed onto leaves of the isogenic lines 92R137/
Yangmai 1587 and Yangmai 158. Samples were collected at the
indicated time points after the initiation of treatment. Total RNA was
extracted and quantitative real-time PCR (qRT-PCR) analyses were
performed with wheat ATG gene-specific primers. The relative
expression was normalized by the wheat B-tubulin gene and relative
to the control value measured at O h. Data represent the average of
three independent experiments + standard deviation (SD, n = 3)

that the expression of wheat ATG4s and ATGS8s can be
regulated by phytohormones and that the regulating pat-
terns by same phytohormones have some difference
between powdery mildew resistance lines and susceptible
lines. Expression analysis (Fig. 6¢) revealed that ET and
SA treatments inhibited the expression of TaATG4a, 4b,
8a, 8g and 8h in the resistance line 92R137/Yangmai 1587,
whereas significantly activated their expression in the

Uninfected

8 hai

susceptible line Yangmai 158. Contrarily, ABA had an
activation effect on the resistant line, but an inhibition
effect on the susceptible line. MeJA showed inhibitory
effects on both of the two lines with a longer duration on
the resistance line. For in-depth analysis of the regulation
mechanisms of wheat ATG genes in response to pathogen
infection and to phytohormone signaling pathways, cis-
acting elements were examined on TaATG4b and 8a pro-
moter sequences 2 kb upstream of the predicted tran-
scription start sites. There are three MeJA-response
elements (CGTCA motif), one ABA/drought-response
element (ABRE) and three defense reaction response ele-
ments (one Box-W1, one TC-rich repeats and one CCAAT
Box) in the TaATG4b promoter. There are two ABA/
drought-response elements (ABRE) in the TaATG8a pro-
moter. In addition, the TaATG4b promoter contains 23
light-response elements, and four tissue-specific expression
control elements. The 7aATG8a promoter contains 11
light-response elements, four tissue-specific expression
control elements, two low temperature response elements
and one heat-stress response element.

Discussion

Wheat has functional homologues of yeast ATG4
and ATGS8 essential for autophagy

In contrast to yeast, which has a single ATGS, higher
eukaryotes usually contain a family of ATG8 members. For

24 hai

Fig. 7 Autophagy is induced in the Pm2]-triggered resistance
response to Bgt infection. Leaf segments of 92R137/Yangmai 158’
were infiltrated with 100 pM E-64d and then stained with 2 uM
LysoTracker Red DND-99. Florescence signals were observed under
a confocal microscope (ECLIPSE 90i, Nikon). LysoTracker Red-
stained punctate autolysosome-like structures (bright red spots) were

not observed in leaf epidermal cells of uninfected 92R137/Yangmai
1587, but weakly at 8 hai and strongly at 24 hai accumulated in leaf
epidermal cells of Bgr-challenged 92R137/Yangmai 158”. Results
were reproduced in three independent experiments using three or
more plants in each experiment. hai, hours after inoculation of Bgt
conidiospores. Scale bar 50 pm (color figure online)
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examples, there are nine ATGS8s in Arabidopsis (Hanaoka
et al. 2002), presumably five in maize (Chung et al. 2009),
five in rice (Xia et al. 2011) and 11 in soybean (Xia et al.
2012). Here, we identified nine members of wheat ATGS8
family. Since common wheat is a hexaploid species
(AABBDD), its ATG8 family may contain more members
than we identified. Genes for the six members in subfamily
I (TaATG8a—8f), for their extreme similarity, may distrib-
ute on homoeologous regions of the A, B and D genomes
or arise from recent gene duplication events. All wheat
ATGSs hold the C-terminal conservative glycine waiting
for PE-conjugation. Expanding of the ATG4 family in
wheat genome is not so fast like the ATGS family. There
are four ATG4s in mammals (Marifio et al. 2003) and a
relatively constant number of two in plant species Arabi-
dopsis (Hanaoka et al. 2002), rice (Xia et al. 2011) and
maize (Chung et al. 2009). In this study, we identified two
wheat ATG4s, TaATG4a and 4b, both of which contain a
conserved protease activity center.

Successful functional complementation of yeast atg4 or
atg8 mutants by plant ATG4 or ATGS have been reported in
Arabidopsis (Ketelaar et al. 2004), soybean (Xia et al.
2012) and T. dicoccoides (Kuzuoglu-Ozturk et al. 2012).
Here, expression of wheat TaATG8a, 8b, 8g, 8h and 4a also
restored autophagy activity in corresponding gene mutant
yeast cells. In onion epidermal cells, GFP-TaATGS8a, 8b,
8g and 8h showed strong or weak levels of punctate
structures, representing autophagosomes and their precur-
sors. Arabidopsis GFP-ATG8h/81 with innate C-terminal-
exposed glycine appeared in vacuoles more quickly than
other GFP-ATGS8s (Yoshimoto et al. 2004). Likewise,
GFP-TaATG8h with innate C-terminal-exposed glycine
exhibited the most obvious punctate distribution. One
reason for this situation may be that ATG8s with innate
C-terminal-exposed glycine, without the need of ATG4
processing, quickly go through the conjugation reaction
cascade and deposit on autophagic membranes, while other
ATGS8s need an extra step of cleavage by ATG4 which
sustains a very limited level under normal conditions
(Yoshimoto et al. 2004). In view of the trademark deco-
ration of ATG8-PE on phagophores, extending and mature
autophagic membranes and engulfed autophagic bodies in
vacuole, observation of GFP-ATGS8 puncta has become a
routine means for autophagy activity determination (Mitou
et al. 2009; Klionsky et al. 2012). Here, we show that GFP-
TaATGS8h is a potential indicator for determining the
dynamics of autophagy in wheat cells. The C-terminal
myc-tagged Arabidopsis ATG8 recombinant proteins can
be cleaved in vitro by ATG4 to remove the tag and pro-
tective residues for glycine exposure (Yoshimoto et al.
2004). Our in vitro digestion experiments also showed that
both of TaATG4a and 4b can cleave TaATGS8a, 8b, and 8g.
TaATG4b had a higher efficiency on all the three substrates
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than TaATG4a, and most efficiently cleaved TaATG8a.
Members of ATG4 family from worm and Arabidopsis also
have different activity and different preference for ATG8
substrates (Wu et al. 2012; Woo et al. 2014). Collectively,
we identified wheat ATG4 and ATGS8 family members and
provide evidences for their involvement in wheat autoph-
agy process.

Expression profiles suggest positive roles of ATG4
and ATGS8 in wheat immunity to Bgt

The induced expression profiles suggest that TaATG4s and
TaATGS8s are implicated in wheat responses to abiotic
stresses and to infection by the biotrophic pathogen fungus
Bgt. Two TA events of TaATG4s and TaATGS8s chrono-
logically occurred in the Pm21- and Pm3f-triggered wheat
incompatible reactions to Bgt during 0-36 hai. The late
TAs of analyzed genes were also detected in the compat-
ible reactions, but the former early TAs in the incompatible
reactions formed a sharp contrast to the downregulation
patterns in the compatible reactions. These two Bgt-
induced TA events, especially the early one, implied that
wheat ATG4s and ATGS8s are employed in the early stage
of wheat resistance response to Bgt. Pathogen-induced
expression of plant ATG genes is consistent with enhanced
autophagy levels (Liu Y et al. 2005; Patel and Dinesh-
Kumar 2008). Likewise, accumulation of LysoTracker
Red-stained autolysosome-like structures was detected in
Bgt-challenged leaf epidermal cells of the resistance line
92R137/Yangmai 1587, which links the effects of ATG4 s/
ATGS8 s on wheat immunity to Bgt with their associated
cellular process, autophagy. A positive role of autophagy
on plant immunity has been reported in plant-pathogen
systems as Nicotiana benthamiana (N)-TMV (incompati-
ble interaction) (Liu Y et al. 2005), Arabidopsis-Pseudo-
monas syringae (compatible interaction) (Patel and Dinesh-
Kumar 2008; Hofius et al. 2009), Arabidopsis-Botrytis
cinerealAlternaria brassicicola (compatible interactions)
(Lenz et al. 2011; Lai et al. 2011) and Arabidopsis-Scle-
rotinia sclerotiorum (incompatible interaction) (Kabbage
et al. 2013). Two Bgt-induced TA events have been found
for many wheat resistance-related genes in wheat resis-
tance responses, which also match the two pathogen-
induced oxygen burst processes (Hiickelhoven and Kogel
2003; Liu GS et al. 2005). ROS (reactive oxygen species)
and cellular redox state may play key roles on autophagy
regulation, and autophagy in turn negatively controls
the production of ROS induced by pathogen infection
(Yoshimoto et al. 2009; Pérez-Pérez et al. 2012).
Expression of TaATG4s/TaATGS8s can be regulated by
exogenously applied phytohormones. The ET, SA or ABA-
regulated expression patterns were different and even
contrast between powdery mildew resistant lines and
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susceptible lines. These differences may also occur
responding to endogenous phytohormone signaling path-
ways triggered in wheat response to Bgf, and thus con-
tribute to the different Bgr-induced levels of TaATG4s/
TaATGSs between resistance and susceptible lines.

Wheat ATG4 and ATG8 may also contribute
to the pathogenicity of Bgt

Much higher levels of enhanced expression were detected
for TaATG4s/TaATGSs in the Yangmai 158-Bgt compati-
ble reaction at the late stage around 16-36 hai. Since more
Bgt conidiospores should have successfully penetrated into
host cells of susceptible lines after 16 hai, there is a pos-
sibility that the high accumulation levels of TaATG4s/
TaATGSs after 16 hai in susceptible lines are accepted and
their associated autophagy process hijacked by Bgt to help
with its pathogenicity including assimilation of nutrients
from host cells. Thus, at least in the genetic background of
Yangmai 158, ATG4s/ATG8s and probably their associ-
ated autophagy process may play a negative role on wheat
immunity to Bgt after 16 hai. Negative roles of autophagy
in plant immunity have been reported on plant-(semi-
)biotrophic pathogen systems as Arabidopsis-P. syringae
and Arabidopsis-powdery mildew fungus Golovinomyces
cichoracearum (Lenz et al. 2011; Wang et al. 2011).
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