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Abstract (limited to 500 words):

Drought stress is a major factor affects the using and quality of turf
grasses. St.Augustingrass was an important turfgrass and widely planted in
south china but it was limited by the drought stress. To identify the
mechanisms underlying drought stress in St. Augustingrass, drought
stress—induced changes in protein profile of St.Augustingrass leaves were
comprehensively analyzed using iTRAQ (Isobaric Tag for Relative and Absolute
Quantification) differential liquid chromatography—tandem mass spectrometry.
The research materials included drought—tolerance mutant 12-6 and
drought—-senstive CK identified by many years. The different expression
proteins were compared from the different drought—tolerance materials. And
identify the iTRAQ results with the method of western—-blot. Analysis the
relationship between the different expression protein and the genes induce by
the protein. Make sure the core pathway induced by the different expression
protein and built the protein interactions internet in core pathway. And
identify protein interactions by bimolecular fluorescence complementation
(BiFC). The productions induced by drought stress in core pathway were
analyzed by the method of HPLC(high performance liquid chromatography) and
GC-MS (chromatography—mass spectrometry). This research was found the
molecular mechanism on drought stress from the level of protein, gene and
pathway. And the relationships among three levels were verified. It kept the
result accuracy and reality. The research was important meaning on improving
the germplasm resource and molecular breeding.

Keywords: St.Augustingrass; Drought tolerance; Isobaric Tag for Relative and
Absolute; Gene; Pathway
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Abstract:

Autophagy is a highly conserved degradation pathway in eukaryotes whereby cytoplasmic
material is sequestered in vesicles and delivered to lysosome or the vacuole for
breakdown. Rapid progress has been made in describing the mechanisms of autophagy
regulation and autophagic trafficking using yeast and mammalian cells as models. The
ubiquitin—like protein ATG8, identified as an autophagy core protein in its lipidated
form, also has been revealed to play several non—autophagic roles. However, the precise
roles of ATG8 remain unclear in plants. Our prior work has shown that ATG8 is duplicated
in the Arabidopsis genome, and generated several atg®8 multi—gene mutants through
CRISPR/Cas9 mediated genome editing. Besides phenotypes similar to those well-known atg
mutants, the atg®8 multi—gene mutants also display distinct phenotypes: Both pollen
germination and tube growth are inhibited significantly. Further study shows that in
these mutants the vesicle trafficking has been compromised in pollen tubes, and thus
inhibits their growth. Therefore, we propose that ATG8 is involved in the regulation of
vesicle trafficking during pollen tube growth, and its deletion would lead to subsequent
decrease of the tube growth rate. The objectives of this proposal are to (i) reveal the
roles of ATG8 in vesicle trafficking during pollen tube growth; (ii) further define the
non—autophagic roles of ATG8 involved in plant growth and senescence. Collectively, these
experiments will provide deep insight into plant autophagy regulation or vesicle
trafficking. This research may also help us better understand the roles of plant ATG8
proteins, particularly their non—autophagic roles

XEHE (HS52H) . BV, $EuEk. ATGS: AEHEWEIhfAE: 1ok

Keywords (FH4>r54FF) : Autophagy; Vesicle trafficking; ATGS; Non—autophagic
role; Pollen tube
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Abstract:
The phytohormone abscisic acid (ABA) plays vital roles in plant development

and in abiotic stress responses. Many studies have shown that ABA signaling is
regulated at the transcriptional, translational and post—translational levels.
Recently, increasing evidence demonstrates that ABA receptors are degraded not
only through the ubiquitin—26S proteasome system but also through the
endocytic trafficking pathway. However, it is still largely unknown whether
ABA receptor can be turnover by autophagy, one of the major intracellular
catabolic pathways. Our prior work has found that Arabidopsis autophagy
mutants are sensitive to ABA during germination and have better tolerance to
drought stress. Further genetic relationship analysis revealed that the key
autophagy components, ATG5 and ATG7, likely act epistatically upstream of ABA
receptors. In addition, we found that these receptors could be selectively
degraded by autophagy mediated by an ATGS interacting Protein 1 (AIP1). The
objectives of this proposal are to (i) further define the impact of autophagy
deficiency on ABA signaling transduction; (ii) reveal the mechanism of
selective autophagic degradation of ABA receptors mediated by AIP1 protein;
(iii) study the relationship between autophagy and endocytosis on the vacuolar
degradation of ABA receptors. Collectively, these experiments will help us
better understand the role of autophagy in abiotic stress responses in plant,

and may also provide us clues for improving crop abiotic stress resistance.
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Keywords (FHH4r54rFF) : ABA receptor; protein

degradation; autophagy; endocytosis; abiotic stress
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Abstract:

Lateral organs such as leaves and flowers are arranged regularly around the
stem of a plant, a phenomenon known as phyllotaxis. Plants have evolved
sophisticated phyllotaxis to rapidly maximize light capture. Diversity of
phyllotaxis in flower is apparently related to different reproductive
strategies. Recent tremendous advances have identified the plant hormone auxin
as the major regulator of phyllotaxis, and the plant hormone cytokinin, along
with auxin, synergistically promote the earliest steps of organ initiation and
robustness of the phyllotactic pattern. But the mechanism of the synergistic
effect of auxin and CK during the formation of phyllotactic pattern remains
elusive. ARABIDOPSIS HISTIDINE PHOSPHOTRANSFER PROTEIN 6 (AHP6), which is
identified as important regulator of phyllotactic patterns, acts directly
downstream of auxin by integrating and balancing the activity of the cytokinin
and auxin. Our previous work found Arabidopsis mutant of the small GTPase
RAC/ROP activator, RopGEF, caused aberrant phyllotaxis and members of RopGEF
interacted with AHP6 in Yeast 2- Hybrid analysis, indicating that RopGEF might
function as signaling component of AHP6 regulated phyllotaxis formation. This
project will investigate the function of RopGEF in establishing phyllotactic
pattern, identify the interaction between RopGEF member and AHP6, elucidate
the role of RopGEF in the synergistical effect of auxin and cytokinin
regulated phyllotactic pattern.

RgHE (HA52T0) . AL [F9HT: 1P Rop LI RRATHI 1

Keywords (FH4r54rFF) : meristem; signal transduction; phyllotaxis; RopGEF
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Abstract (limited to 4000 words) :

Bermudagrass is a widely applied warm—season turfgrass species, while the
calcineurin B-like protein-CBL-interacting protein kinase (CBL-CIPK) signaling
pathway is a Ca2+-related pathway that responds strongly to environmental
stresses. In our previous investigations, a full length of CdCIPK5 cDNA which
showed an induced expression in response to ABA treatment, drought and
salinity was cloned. Sequence analysis indicated that CdCIPK5 had a high
identity to CdCIPK5. Overexpression of CdCIPK5 resulted in elevated tolerance
to drought and salinity, while down—regulation of CdCIPK5 expression led to
reduced tolerance to drought and salinity in transgenic rice plants. Based on
the observations, this project is planned to investigate the role of CdCIPK5
in regulation of drought tolerance in bermudagrass. To identify the function
of CdCIPK5, expression vector of CdCIPK5 driven by OsCIPK5 promoter will be
introduced into rice mutant oscipkb to analyze the phenotypic recovery of the
mutant. Transgenic bermudagrass plants overexpressing CdCIK5 and RNAi plants
down-regulating CdCIPK5 will be generated using the methods of
Agrobacterium—mediated transformation for evaluation of drought tolerance so
as to validate the essential role of CdCIK5 in drought tolerance. To elucidate
the mechanisms of CdCIK5 in regulation of drought tolerance, transcriptome
profiling and the relevant biochemical pathways and physiological processes
will be also analyzed using the transgenic bermudagrass in comparison with the
wild type. CBL members and downstream target proteins binding to CdACIK5 will
be screened and identified using two—yeast hybrid systems in combination with
the methods of bimolecular fluorescence complementation (BiFC) and
co—immunoprecipitation (Co—-IP). The investigations will provide us with novel
understanding of drought tolerance in bermudagrass associated with involvement
CBL-CIPK sigaling pathway as well as an effective candidate gene used for
transgenic improvements of crops or turfgrass species on drought tolerance

Keywords: turfgrass; abiotic stress; water stress; gene function; gene
regulation
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Analysis of Ideological and Political Education in the Construction of
Fishery Specialty Based on the Idea of to Foster Virtue Through Education

He Yuejing, Zhou Chuanjiang
(1. Xinxiang College of Engineering, College of Marxism, Xinxiang Henan 453700:;
2. Henan Normal University, College of Life Sciences, Xinxiang Henan 453700)

Abstract: Who to train, how to train and for whom are the fundamental problems of education. Taking the
cultivation of aquatic products professionals as the goal, combined with the ideological and political characteristics
of various courses of aquatic products majors, this paper puts forward to build an all-round and multi-angle edu-
cation system by correcling students’ and parents’ professional prejudice, enhancing their professional understand-
ing, understanding the professional development trend and prospects, earnestly doing the first lesson, grasping the
ideological and political aspects of each professional course, grasping the practice link, and carrying out employ—
ment guidance, so as lo cultivate students’ spirit of knowing and loving agriculture.

Keywords: [deological and political theories teaching in all course: {isheries; speciality: educaling people
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Discussion on the Model of Combining Experimental Design and
Biochemistry Experiment — taking the Identification of Glycolysis
Intermediates as an Example

Luo Na', Qian Chunmei', Huang Xiao!, Chen Fang”
(1.South China Agricultural University, College of Life Sciences, Guangzhou Guangdong 510642
o R D tel tel tel
2.South China Agricultural University, College of Marine Sciences, Guangzhou Guangdong 510642)
te) J D tel te) tel

Abstract: Biochemistry is a basic theoretical course in agricultural colleges. The study of biochemistry con-
tributes 1o the understanding of other courses and can promote students’ love of life sciences. As an assistant to
biochemistry, the biochemistry experiment course plays an important role. At present, the problem of biochemistry
experiment course is that students over—rely on teachers and learn passively. This study explores the teaching mode
of combining experimental design and biochemistry experiment class, using the thinking of experimental design to
stimulate students” active learning and good for students’ thinking of scientific research and innovation. Taking the
experimental course "ldentification of glycolysis intermecliates™ as an example, this study analyzed the break-
through point of combining the course with experimental design in detail, and further analyzed the role and
prospect of experimental design in biochemical experiments.

Keywords: Experimental design; Biochemical experiment; Glycolysis

102



SCAULIB202405484

ok AN

MEsEn BB 1 BRXERERNTE.

mﬁéﬁA$m%wimﬂ.§ﬂA¢@&ﬂkﬁiﬁ : |
= - D | R A
e WX B B EFMREENGED LR/ RS | FEHS WXHFR ﬂi%‘_ﬁf.‘?@-& WRE R A S 2
.
Engineered ATGS- NEW PHYTOLOGIST N
0y £ 1R

[F2-year=9. 4

binding motif-based HipRF: 2023 ) -.x: ! |
" . |, Top AT =
1 |selective autephagy to M. 237 2 f: 684-697 P— \Ta * el K% SC1 {F5-year=10.5 A
L 0
degrade proteins and itk G “‘uj (2022
organelles in planta | Stf#4). Article,Early Access _

Emmzwi%mm¢ﬁﬁx%ﬁgmt@mm&x##mwxwmﬁx<mﬁ>)wgJ m

G B R S
i

A NS

g

S

~)
: )".




R RIS

RIEZFEASeBLINIR A H], B4 A\ gl A4 SR 2 2B B2 W e S At o T &

F | I B
- . T .
P WL F REWBRREGEASW/ NS | ra0e | wx@n | fraoesg |Gawe | OET \ﬁ“ﬂﬁﬁéﬁ* E
Specific peroxidases = ' \ \
ANN : ' g
| differentiate Brachypodium Ao Ch A i IFZ-year=4-04l\ Ly 22X
) ¢ . A e s
! | distachvon accessions and HACEF: 2018 AUG :, A : 2 { Ny SCI 1F5-year-—4.217\ Top#ATY: B
S 118 2 T pseore | FTEE| AR PRI |
|lare associated with drought : - 7‘, . (2016) | (2016)
}Zﬁﬁ?@ﬁ” Article
tolerance traits - P
Lngineered ATGB-binding \\—H 3
moi if-based selective . thiew Phytojfg%f/‘» iF2-year=10.323| “£M%¥ 11X
HAR%E: 2022  JAN 2023 : .
2 autophagy to degrade &w; ‘&237 2- j‘fﬁ"{' e B—1EH T2% R\ K2 SC1 iF5-year=10.768| TopfT: &
X2 % . ) et Ng - . _ |
proteins and organelles in ﬂjtmgéigi (2021) : (2022)
ey
planta B ,‘.!\ :

EXNOHE W T A
J1458 0. 99 A8 O]« oS 0, 3R 85 TE

'%D’r’u N S LI I R DA m'T?ﬁJ«- PTIBR




January 20
Vol. 2
No.

. ISSN 0028-64
. eISSN 1469-81

1

wWww. logist.com

ational Journallf Plant



= New
-~ Phytologist

2023 Vol.237 No. 2

CONTENTS
Forum
Commentary
371 All roads lead to Rome: alternative biosynthetic routes in plant

374

384

392

408

414

423

441

454

471

483

497

515

specialised metabolism

Letters
Reconciling discrepancies in measurements of vulnerability to
xylem embolism with the pneumatic method

M. Brum, L. Pereira, R. V. Ribeiro, S. Jansen,

P R. L. Bittencourt, R. S. Oliveira & S. R. Saleska
Remaining uncertainties in the Pneumatic method

Y-J. Chen, P. Maenpuen, J-L. Zhang & Y-J. Zhang

Review

Tansley reviews
Evidence for phylogenetic signal and correlated evolution in
plant-water relation traits

E. Avila-Lovera, K. Winter & G. R. Goldsmith

Tansley insights
Systemic control of plant regeneration and wound repair
M. Omary, R. Matosevich & I. Efroni

Research reviews
PBS3: a versatile player in and beyond salicylic acid biosynthesis
in Arabidopsis

W. Li, J. He, X. Wang, M. Ashline, Z. Wu, F. Liu, Z. Q. Fu

& M. Chang

Research

Full papers

Mechanistic modeling reveals the importance of turgor-driven
apoplastic water transport in wheat stem parenchyma during
carbohydrate mobilization

S. Verbeke, C. Maria Padilla-Diaz, C. Martinez-Arias,

W. Goossens, G. Haesaert & K. Steppe
Defining the scope for altering rice leaf anatomy to improve
photosynthesis: a modelling approach

Y. Xiao, J. Sloan, C. Hepworth, M. Fradera-Soler, A. Mathers,

R. Thorley, A. Baillie, H. Jones, T. Chang, X. Chen, N. Yaapar,

C. P. Osborne, C. Sturrock, S. J. Mooney, A. J. Fleming

& X-G. Zhu
ZmASY1 interacts with ZmPRD3 and is crucial for meiotic
double-strand break formation in maize

Y. Wang, S-Y. Li, Y-Z. Wang & Y. He
Natural variation of ZmLNGT alters organ shapes in maize

Q. Wang, J. Fan, J. Cong, M. Chen, J. Qiu, J. Liu, X. Zhao,

R. Huang, H. Liu & X. Huang
The RhLOL1-RAILR3 module mediates cytokinin-induced petal
abscission in rose

C. Jiang, Y. Liang, S. Deng, Y. Liu, H. Zhao, S. Li, C-Z. Jiang,

J. Gao & C. Ma
Molecular evidence for adaptive evolution of drought tolerance
in wild cereals

Y. Wang, G. Chen, F. Zeng, Z. Han, C-W. Qiu, M. Zeng,

Z. Yang, F. Xu, D. Wu, F. Deng, S. Xu, C. Chater, A. Korol,

S. Shabala, F. Wu, P. Franks, E. Nevo & Z-H. Chen
Interaction of PKR with STCS1: an indispensable step in the
biosynthesis of lunularic acid in Marchantia polymorpha

T-T. Zhu, C-J. Sun, X-Y. Liu, J-Z. Zhang, X-B. Hou, R. Ni,

J. Zhang, A-X. Cheng & H-X. Lou
e Commentary p 371

© New Phytologist Foundation (2022)

532

548

563

576

585

601

615

631

643
656

672

LN
3L
%,—‘:

The Arabidopsis WRR4A and WRR4B paralogous NLR proteins
both confer recognition of multiple Albugo candida effectors

A. Redkar, V. Cevik, K. Bailey, H. Zhao, D. S. Kim, Z. Zou,

O. J. Furzer, S. Fairhead, M. H. Borhan, E. B. Holub

& J. D. G. Jones
Chloroplast redox state changes mark cell-to-cell signaling in
the hypersensitive response

T. Lukan, A. Zupani¢, T. Mahkovec Povalej, J. O. Brunkard,

M. Kmeti¢, M. Jutersek, S. Baebler & K. Gruden
Root placement patterns in allelopathic plant-plant interactions

C-Y. Wang, L-L. Li, S. J. Meiners & C-H. Kong
Do ectomycorrhizal exploration types reflect mycelial foraging
strategies?

K. Jorgensen, K. E. Clemmensen, H. Wallander

& B. D. Lindahl
ZmCCT10-relayed photoperiod sensitivity regulates natural
variation in the arithmetical formation of male germinal cells in
maize

B. Li, Z. Wang, H. Jiang, J-H. Luo, T. Guo, F. Tian, V. Rossi

& Y. He
Genomic evidence supports the genetic convergence of a
supergene controlling the distylous floral syndrome

Z. Zhao, Y. Zhang, M. Shi, Z. Liu, Y. Xu, Z. Luo, S. Yuan, T. Tu,

Z.Sun, D. Zhang & S. C. H. Barrett
G protein signaling and metabolic pathways as evolutionarily
conserved mechanisms to combat calcium deficiency

R. Leong, J. J. Tan, S. S. Koh, T-Y. Wu, K. Ishizaki & D. Urano
Diversity and divergence: evolution of secondary metabolism in
the tropical tree genus Inga

D. L. Forrister, M-J. Endara, A. J. Soule, G. C. Younkin,

A. G. Mills, J. Lokvam, K. G. Dexter, R. T. Pennington,

C. A. Kidner, J. A. Nicholls, O. Loiseau, T. A. Kursar

& P.D. Coley
Multiple origins of lipid-based structural colors contribute to a
gradient of fruit colors in Viburnum (Adoxaceae)

M. A. Sinnott-Armstrong, R. Middleton, Y. Ogawa,

G. Jacucci, E. Moyroud, B. J. Glover, P J. Rudall, S. Vignolini

& M. J. Donoghue
Whole-genome analyses disentangle reticulate evolution of
primroses in a biodiversity hotspot

R. L. Stubbs, S. Theodoridis, E. Mora-Carrera, B. Keller,

N. Yousefi, G. Potente, E. Léveillé-Bourret, F. Celep,

J. Kochjarovd, G. Tedoradze, D. A. R. Eaton & E. Conti
Soil water and nutrient availability interactively modify
pollinator-mediated directional and correlational selection on
floral display

Y. Wu, G. Liu, N. Sletvold, X. Duan, Z. Tong & Q. Li

Methods
Engineered ATG8-binding motif-based selective autophagy to
degrade proteins and organelles in planta
N. Luo, D. Shang, Z. Tang, J. Mai, X. Huang, L-Z. Tao, L. Liu,
C. Gao, Y. Qian, Q. Xie & F. Li

Cover Legend

White blister rust infection caused by the oomycete pathogen
Albugo candida, showing pustulous symptoms on the stem of oilseed
mustard Brassica juncea. Image courtesy of Eric B. Holub. (Redkar
etal., pp. 532-547).
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Introduction

Summary

¢ Protein-targeting technologies represent essential approaches in biological research. Protein
knockdown tools developed recently in mammalian cells by exploiting natural degradation
mechanisms allow for precise determination of protein function and discovery of degrader-
type drugs. However, no method to directly target endogenous proteins for degradation is
currently available in plants.

¢ Here, we describe a novel method for targeted protein clearance by engineering an autop-
hagy receptor with a binder to provide target specificity and an ATG8-binding motif (AIM) to
link the targets to nascent autophagosomes, thus harnessing the autophagy machinery for
degradation.

e We demonstrate its specificity and broad potentials by degrading various fluorescence-
tagged proteins, including cytosolic mCherry, the nucleus-localized bZIP transcription factor
TGA5, and the plasma membrane-anchored brassinosteroid receptor BRI1, as well as
fluorescence-coated peroxisomes, using a tobacco-based transient expression system. Stable
expression of AIM-based autophagy receptors in Arabidopsis further confirms the feasibility
of this approach in selective autophagy of endogenous proteins.

e With its wide substrate scope and its specificity, our concept of engineered AIM-based
selective autophagy could provide a convenient and robust research tool for manipulating
endogenous proteins in plants and may open an avenue toward degradation of cytoplasmic
components other than proteins in plant research.

To develop techniques that probe protein function more
directly, biologists have exploited natural cellular degradation sys-

Technologies that disrupt protein expression are essential tools
for the analysis of gene function and have revolutionized both
animal and plant research. Nucleic acid-based methods repre-
sented by Clustered Regularly Interspaced Short Palindromic
Repeat (CRISPR) or RNA interference are widely used for the
interruption of protein expression at the DNA and RNA levels,
respectively (Elbashir ez al, 2001; Knott & Doudna, 2018).
These tools have changed the ways of genetic manipulation with
their simplicity and versatility. By contrast, no general technolo-
gies have been developed to selectively recognize and degrade
proteins although they are highly desired both for basic research
and for the discovery of degrader-type drugs (Wu ez al., 2020).

684 New Phytologist (2023) 237: 684-697
www.newphytologist.com

tems, such as the ubiquitin—proteasome system (UPS) and the
macroautophagy (hereafter referred to as autophagy)-lysosome
system, to eliminate proteins of interest (POls), either their vari-
ants, oligomers, or their aggregates; Ding er al, 2020; Verma
er al., 2020). For example, PROteolysis-TArgeting Chimera
(PROTAC), a UPS-dependent approach, recruits E3 ligases
through chimeric small molecules to target specific proteins and
trigger their degradation (Verma et al, 2020). However, owing
to the intrinsic limitation of the UPS and only few E3 applicable
for PROTAGC:, the approach is largely restricted to a limited set
of cytoplasmic proteins and has limited capability to elimi-
nate protein aggregates and nonprotein molecules. Contrary to

© 2022 The Authors
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UPS-dependent  approaches, technologies

degrade their substrates via lysosome or the vacuole and have a

autophagy-based

broader range of targets. Moreover, they are applicable for multi-
ple organisms due to the evolutionary conservation of the
autophagy—lysosome system (Ding ez l., 2020).

During autophagy, cells remove unwanted or dysfunctional
cytoplasmic components by sequestering them into double
membrane-bound vesicles termed autophagosomes and then
delivering them to vacuoles (plants and fungi) or lysosomes (ani-
mals) for degradation (Galluzzi er al, 2017; Marshall & Vier-
stra, 2018; Yang er al, 2020). Although best described as a
starvation response, autophagy plays a vital role in maintaining
cellular homeostasis by removing defective proteins, protein
aggregates, and damaged or superfluous organelles through vari-
ous selective autophagy pathways (Kirkin & Rogov, 2019; Johan-
sen & Lamark, 2020).

The specificity of selective autophagy is governed by a diversity
of autophagy receptors, which tether cargoes and nascent
autophagosomes by interacting with membrane—anchored
autophagy-related protein 8 (ATGS). Autophagy receptors typi-
cally contain an ATG8-interacting motif (AIM) with a core con-
sensus sequence, W/F/Y-X-X-L/I/V (Noda ez al., 2008, 2010). In
addition to canonical AIMs, some receptors can bind ATGS8 via a
ubiquitin-interacting motif-like sequence (Marshall ¢t al., 2019).
Autophagy receptors thus recognize their cargoes directly or in a
ubiquitin-dependent manner (Kirkin & Rogov, 2019; Johansen
& Lamark, 2020). Although our understanding of plant selective
autophagy is far from complete, a growing number of studies
have advanced our appreciation of its broad substrate range,
including individual or aggregated proteins, macromolecular
complexes (such as proteasomes and ribosomes), organelles (such
as mitochondria, peroxisomes, and chloroplasts), and even non-
proteinaceous biomolecules (such as porphyrins; Marshall &
Vierstra, 2018; Stephani & Dagdas, 2020).

Inspired by the very nature of selective autophagy, biologists have
developed several biological research methods that mimic the action
of the autophagy receptor to promote degradaton (Ding
et al., 2020); for example, the autophagosome-tethering compound
ATTEC is a small molecule with a similar function to the autop-
hagy receptor, which links ATG8 and mutant Huntington protein
to mediate the latter’s degradation (Z. Li et 4/, 2019). Similarly,
the autophagy-targeting chimera molecule AUTAC contains a
specific binder to provide target specificity and a degradation tag
(guanine derivative) that triggers the K63 polyubiquitination of tar-
gets to initiate selective autophagy (Takahashi er 4/, 2019). More-
over, the AUTOphagy-TArgeting Chimera (AUTOTAC) employs
bifunctional molecules consisting of a target-binding ligand and an
autophagy receptor p62-binding moiety to induce the sequestration
and degradation of targets (Ji et al., 2022). These degradation sys-
tems not only complement current genetic methods for altering the
levels of proteins but are also applicable to various nonproteina-
ceous cargoes such as lipid droplet given the wide substrate scope of
selective autophagy (Fu ez al., 2021). However, similar methods are
not currently available in plant research.

To explore autophagy to knock down plant POls, we designed
an AIM-based autophagy receptor to harness selective autophagy
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of POIs in plants as a test. The concept of our idea consists of an
AIM, a specific binder that targets the POI, and a fluorescent
protein for tracing (Fig. 1a). The target(s) of the AIM-based
autophagy receptor can be customized by modifying/substituting
the binder to interact with a specific POL. We reasoned that the
receptor, when expressed transiently or stably in planta, would
specifically bind its target via the binder and, through the interac-
tion between the AIM and ATGS, deliver the receptor—target

complex to the vacuole for selective degradation.

Materials and Methods

Vector construction

The following constructs originate from these publications:
GFP-ATGS8a (Thompson ez al., 2005), BRI-GFP (Friedrichsen
et al., 2000), and BIN2-GFP (Peng et al., 2008). To generate the
AIM-mCherry construct, the sequence encoding the AIM frag-
ment (amino acids 651-675) of AtINBR1 was PCR-amplified
using the primers Li1204 and Li1205, and the mCherry fragment
was PCR-amplified from the mCherry-ATG8a (Suttangkakul
et al., 2011) construct using the primers Li1206 and Li1312 (all
primers are listed in supporting information Table S1). An overlap-
ping PCR approach was then used to generate the AIM-mCherry
fragment, which was cloned into the pEGAD vector (accession no.
AF218816) between the Agel and BamHI restriction sites using
ClonExpress II One-Step Cloning Kit (Vazyme Biotech Co., Nan-
jing, China) to create the pEGAD-AIM-mCherry construct. The
PEGAD-mAIM-mCherry was generated by PCR mutagenesis with
the primer pairs Li1480 + Li302 and Li1481 + Li301 to intro-
duce two point mutations (W661A/1664A) in the AIM sequence.
To generate the pEGAD-PBI1-AIM-mCherry vector, the sequence
encoding the PB1 fragment (amino acids 7-96) was PCR-
amplified from AtNBR1 using the primers Li1500 and Li1501 and
then cloned into the pEGAD-AIM-mCherry vector between the Agel
and BamHI sites. To generate the pEGAD-FYVE-AIM-mCherry
construct, an FYVE fragment was PCR-amplified from an FYVE
domain-containing Arabidopsis transgenic line PIPline#18 (P18Y,
ABRC# CS2105611; Simon et al, 2014) and inserted into the vec-
tor pEGAD-AIM-mCherry between the Agel and EcoRI restriction
sites. To generate the pEGAD-3XAIM-mCherry vector, a 2XAIM
fragment was synthesized by Tsingke Biotechnology Co. (Beijing,
China) and inserted between the Agel and EcoRlI restriction sites of
the vector pEGAD-AIM-mCherry. The vector pEGAD-mCherry was
developed by double enzyme digestion of the pEGAD-AIM-
mCherry with EcoRl and Hindlll enzymes, followed by filling in
and blunted by DNA polymerase and ligated with T4 ligase.

To develop the pEGAD-nCBLI-GFP-ATG8a plasmid, the
nCBL1-GFP-ATGS8a fragment was first produced using three-
primer PCR with the primers Li1961, Li1962, and Li0023 (the
ratio of Lil1961 to Li1962 equals 20 : 1) and then cloned into the
Agel and BamHI restriction sites of the pEGAD vector.

To develop GFP-binding protein (GBP)-containing vectors, a
plant codon-optimized GBP allele was synthesized by Tsingke Co.
based on the amino acid sequences of GBP (Rothbauer
et al., 2006) and then inserted into the pEGAD-AIM-mCherry and
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PEGAD-mAIM-mCherry vectors between the Hindlll and Spel
sites by restriction enzyme digestion and T4 ligation. TGA5
cDNA was PCR-amplified from Arabidopsis cDNA with the pri-
mers Lil1536 and Lil1522 and then inserted into the vector

(a)

— J/}( ) ATG8-PE

.\//Tm

Phagophore Autophagosome
(b) ()

AIM-mCherry

mAIM-mCherry

PB1-AIM-mCherry
PB1 AIM mCherry

mCherry

AIM-mC +
GFP-ATG8a

FYVE-AIM-mCherry

3XAIM-mCherry

AM YT AIM T AIM mCherry

()
Plant lysate

mAIM-mC +
GFP-ATG8a

o

L€
& ¥ W F &
QRN NN

S &

AIM-mC +

SN

kDa)

AIM-mC tagged
i constructs e

“ B < Free mC

(WB, anti-mCherry)

37_ SNBSS SN A - S <ICFP-ATG8a
(WB, anti-GFP)

N
o

Molecular mass

N
o
I

__IP with RFP-Trap
AIM-mC tagged

= 37 L— constructs
3 - ™
g 25 . - <]Free mC
5 1 (WB, anti-mCherry)
=y ®%  JGFPATGSa
8 ee (WB, anti-GFP)
[¢}
S 25-
U]
~.20
P oo
215
O
1S
o 1.0
o
e
o 05
T
o nd nd
o —_ —_
o O O
N \&,& ,@C’ N ,&0 &
ST
<& N A((” (S\Y
R <<‘\

pEGAD between the EcoRI and BamHI sites to generate the
PEGAD-GFP-TGA5 plasmid. PEX3 cDNA was PCR-amplified
from Arabidopsis DNA with the primers Li1802 and Li1083, then
introduced into the pEGAD vector between the Agel and Awrdl

Autohagic body

v
P e
® &
Vacuole

(d)
Merged

1007 *xx

o,
Y
[
o

Puncta colocalized
with GFP-ATG8a (%)
8

0 =1

PB1-AIM-mC + FYVE-AIM-mC + 3XAIM-mC +

nCLB1-GFP-ATG8a nCLB1-GFP-ATG8a nCLB1-GFP-ATG8a nCLB1-GFP-ATG8a

Rp=0.71+0.11 Rp=0.87 +0.09 RpP=0.77+0.19| Rp=0.78+0.10
Rs=0.65£0.15 Rs=0.84+0.12 Rs=0.756+0.17 Rs=0.73£0.13

111

85U8017 SUOWILLIOD @A 18810 3(cedldde ayy Aq peusenob ae ssjoie YO ‘@sn Jo el 1oy ArIqiT8UIIUO AB[IA UO (SUONIPUCD-PUe-SLLIBYWOD A8 | 1M ARIq 1 BU1|UO//SdNL) SUORIPUOD PUe SWid | 8L 88S *[£202/20/GZ] U0 A%l aulluo A8IM ‘amno LBy euiyD yinos Aq 2GG8T Udu/TTTT 0T/I0p/L00 A 1M Aiqipul|uo yduy/sdny wouy pepeojumod ‘g ‘€202 ‘LET869YT



New
Phytologist

Fig. 1 Development of an ATG8-interacting motif (AIM)-based autophagy receptor for protein degradation. (a) Diagram of an AIM-based autophagy
receptor. The autophagy receptor binds to a protein of interest (POI) via a specific binder and tethers it to expanding autophagosomes through the AIM. 8,
ATG8; mC, mCherry fluorescent protein. (b) Constructs containing the AIM and additional motifs that facilitate autophagic degradation. mAIM,

mutated AIM; PB1, an oligomerization domain derived from Arabidopsis AtNBR1 protein; FYVE, a PI(3)P-binding domain; 3XAIM, triple repeats of AIM.
(c) Representative confocal images showing the colocalization of AIM-mCherry with the autophagy marker GFP-ATG8a in the vacuole. Nicotiana
benthamiana leaf epidermal cells were co-infiltrated with GFP-ATG8a and AIM-mCherry (AIM-mC) or mAIM-mCherry (mAIM-mC) and then analyzed
with confocal microscopy 36 h after agroinfiltration followed by a 16-h incubation with 1 uM of the autophagy inhibitor concanamycin A (ConA). AB,
autophagic body; Bars, 10 um. (d) Quantification of (m)AIM-mCherry puncta colocalizing with autophagy marker GFP-ATG8a. Images (n = 12) similar to
those shown in (c) were collected to calculate the percentage of (m)AIM-mCherry puncta showing fluorescence at the green channel. In the violin plots,
each individual value is represented by a dot, and three lines (from the bottom to the top) in each plot show the location of the lower, the median, and the
upper quartiles, respectively. Asterisks indicate that the ratio of AIM-mCherry puncta colocalizing with GFP-ATG8a is significantly different from the value
of mAIM-mCherry according to the t-test. ***, P < 0.001. (e) Co-immunoprecipitation assay showing interactions between ATG8 and various
AlM-containing proteins. Total proteins were extracted from Nicotiana benthamiana leaves co-infiltrated with GFP-ATG8a and various AIM-containing
constructs, followed by immunoprecipitation with RFP-Trap, after which they were detected with the indicated antibodies. (f) Quantification of co-
immunoprecipitated GFP-ATG8a with various AIM-containing peptide ratios using densitometric scans of the immunoblots shown in (e). Bars represent the
mean (+ SD) of three biological replicates. Columns marked with asterisks represent means that are significantly different from AIM-mCherry control
according to the t-test. *** P < 0.001. nd, not detectable. (g) Confocal imaging showing an nCBL1-GFP-ATG8a-based co-translocation assay and its
targeting of various AIM-mCherry constructs to the plasma membrane when co-expressed. nCBL7-GFP-ATG8a was co-expressed together with various
AIM-mCherry constructs in N. benthamiana leaf epidermal cells for 36 h and then analyzed using confocal microscopy. Bars, 10 pm. The bottom of each
row shows the corresponding scatterplot obtained using the PSC colocalization plug-in in Imace). The overlapping percentage of the fluorescent signals is
indicated by the linear Pearson correlation coefficient (Rp) and the nonlinear Spearman correlation coefficient (Rs). Values are presented as mean + SD;

-

n > 15 optical section images from three biological replicates. N, nucleus.

sites, followed by replacing green fluorescent protein (GFP) with
YFP to generate the pEGAD-PEX3-YFP construct. To develop the
mCerulean-tagged peroxisome marker, mCerulean-PTS1 was pro-
duced by PCR amplified from mCerulean-containing plasmid
with the primers Li1575 and Li1733 and then introduced into the
pEGAD vector between the Agel and BamHI sites.

To create the AIM-BZR1C82-mCherry and mAIM-BZRIC82-
mCherry vectors, a sequence encoding the C82 fragment of
BZR1 (amino acids 255-336) was PCR-amplified from Ara-
bidopsis cDNA using the primers Li1959 and Li1960 and intro-
duced into the pEGAD-AIM-mCherry and pEGAD-mAIM-
mCherry vectors, respectively, between the Hindlll and Spel sites.
The AIM-BZR1C82-mCherry fragment was then PCR-amplified
from the pEGAD-AIM-BZR1C82-mCherry vector with the pri-
mers Lil1959 and Li1960, and the AIM-mCherry fragment was
replaced within the pEGAD-PBI-AIM-mCherry vector by Hin-
AT and Spel double enzyme digestion to create the pEGAD-
PB1-BZR1C82-mCherry vector.

Plant materials and growth conditions

Wild-type Arabidopsis thaliana (L.) Heynh ecotype Col-0 was used
as the wild-type control; the defective primary root 2 (dpr2) mutant
(Zou et al, 2019), transgenic lines PEAMT1-GFP (Zou
et al., 2019), and BIN2-GFP (Peng et al., 2008) were described
previously. All Arabidopsis seeds were surface-sterilized using the
vapor phase method and stratified by incubating with water at 4°C
for 2 d. The seeds then germinated on 1X Murashige and Skoog
(MS) solid medium (4.3 g ™' MS basal salts, 1% (w/v) sucrose,
0.05% (w/v) MES, pH 5.7, and 0.7% (w/v) agar) at 22°C under a
long-day (LD) (16 h : 8 h, light : dark) photoperiod. When reach-
ing the four-leaf stage, seedlings were transferred to soil and grown
at 22°C under LD conditions. Nicotiana benthamiana was grown
at 25°C, 60% humidity and under an LD photoperiod.

To generate transgenes expressing AIM-GBP-mCherry or
mAIM-GBP-mCherry, the sequencing-verified constructs were

© 2022 The Authors

New Phytologist © 2022 New Phytologist Foundation.

112

respectively delivered into the Agrobacterium tumefaciens strain
GV3101 and then transformed into the PEAMTI-GFP dpr2
background via the floral dip method (Clough & Bent, 1998).
Homozygous PEAMTI-GFP dpr2 plants expressing AIM-GBP-
mCherry or mAIM-GBP-mCherry were obtained in T3 generation
by antibiotic resistance and fluorescence microscopy observation.
The protein levels of AIM-GBP-mCherry and mAIM-GBP-
mCherry were determined by western blot with anti-mCherry
antibodies. Using the same approach, AIM-BZR1C82-mCherry,
PBI-AIM-BZR1C82-mCherry, mAIM-BZR1C82-mCherry, and
AIM-mCherry were respectively transformed into the BIN2-GFP
transgenic background to generate transgenes expressing various
BZR1C82-mCherry-tagged proteins.

The free GFP (or mCherry) release assays were conducted as
previously described (Huang er al, 2019). One-week-old seed-
lings expressing PEAMTI-GFP and AIM-GBP-mCherry or
mAIM-GBP-mCherry grown on MS solid medium were trans-
ferred to MS liquid medium lacking nitrogen and incubated
under continuous light for 16 h.

Root length measurement

The root lengths of transgenes in the PEAMTI-GFEP dpr2 back-
ground were measured according to the method described previ-
ously (Zou et al., 2019). Briefly, seeds were stratified at 4°C in
distilled water for at least 6 d after surface sterilization, then ger-
minated on 1/2 MS solid medium, and grown vertically. After
8 d, seedlings were imaged, and the root length was determined
using IMAGE] software (https://imagej.nih.gov/). The experiments
were repeated three times with similar results.

Transient expression in N. benthamiana

In planta transient expression was performed by leaf agroinfiltra-
tion as described previously (Schornack et 4/, 2009). All 35 S
promoter-based A. tumefaciens T-DNA binary constructs were
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introduced into the Agrobacterium strain GV3101. Overnight
Agrobacterium  cultures were harvested and adjusted to
ODgoo nm = 0.8 with infiltration medium (10 mM MgCl,,
5 mM 2-(N-Morpholino)ethanesulfonic acid (MES), pH 5.6,
and 100 pM acetosyringone) before agroinfiltration. The viral
silencing suppressor P19-containing plasmid pCB301-p19 (Win
& Kamoun, 2004) was also co-infiltrated to increase protein
expression and signal intensity. Leaf disks were examined 36—
48 h after infiltration by confocal fluorescence microscopy. For
concanamycin A (ConA) treatment, leaves were infiltrated with
1 pM ConA (SC-202111; Santa Cruz Biotechnology, Santa
Cruz, CA, USA) solution 36 h after Agrobacterium infiltration.
The infiltrated leaves were then detached, placed into Petri dishes
containing several layers of wet filter paper, and placed in dark-
ness. Leaf disks were examined 16 h after ConA infiltration by
confocal fluorescence microscopy.

Fluorescence confocal microscope imaging and analysis

The confocal imaging of stable transgenic lines expressing ()
AIM-GBP-mCherry in the PEAMTI-GFP dpr2 background and
(m)AIM-BZR1C82-mCherry in the BIN2-GFP background was
conducted as described previously (Suttangkakul ez al, 2011;
Huang ez al., 2019). Briefly, 6-d-old seedlings grown on MS solid
medium were transferred to fresh MS liquid medium with or
without ConA, and the images of the cell fluorescence within the
root elongation zone were acquired. For infiltrated tobacco leaves,
several leaf squares (0.5 X 0.5 cm) surrounding the infiltration
point were cut and mounted in tap water. Confocal fluorescent
microscopy was performed on a Zeiss LSM 800 laser scanning
confocal microscope (Carl Zeiss, https://www.zeiss.com). For
imaging of the coexpression of GFP/YFP and mCherry constructs,
excitation wavelengths of 488 nm for GFP/YFP and 543 nm for
mCherry were used alternatively in the multitrack mode of the
microscope with line switching. For imaging of coexpression of
mCerulean, YFP and mCherry constructs, excitation lines of
458 nm for mCerulean, 514 nm for YFP, and 543 nm for
mCherry were used. Scanning was performed by sequential frame
switching to prevent signal bleed-through.

Quantitative analysis of confocal microscope images was per-
formed by using IMAGE] (NIH) as described by Kim ez al. (2021).
Briefly, quantification of colocalization between mCherry puncta
with GFP-ATG8A-positive vesicles was performed by using the
Comdet plug-in for IMaGE] (https://imagej.net/plugins/spots-
colocalization-comdet). Fluorescence colocalization analysis was
performed using the PSC colocalization plug-in, and Pearson
correlation coefficients were calculated as described previously
(French er al, 2008). Quantification of mCherry puncta in
tobacco leaves was performed by using whole frame of fluores-
cence image (106.59 pm X 106.59 pm).

Co-immunoprecipitation analysis

The Co-IP assay for testing the interactions between various
AIM-containing proteins and ATG8 was performed as previously
described (H. Li ez al, 2019). mCherry-tagged AIM-containing
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constructs and GFP-ATG8a were co-expressed transiently in /V.
benthamiana leaves, and samples were harvested 30 h after infil-
tration. 0.5 g samples were homogenized in 2 ml lysis buffer
(50 mM Tris—-HCI, pH 7.4, 150 mM NaCl, 1 mM MgCl,,
20% glycerol, 0.2% NP-40, and 1X protease inhibitor cocktail
from Roche) for protein extraction. Cell lysates were clarified by
centrifugation at 13 000 g at 4°C for 10 min and then mixed
with ant-RFP antibody coupled agarose beads (rtma-10;
ChromoTek, Munich, Germany) for 2 h at 4°C with gentle rota-
tion. After incubation, the beads were washed three times with
wash buffer (50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 1 mM
MgCl,, 20% glycerol, and 0.01% NP-40), and the bound pro-
teins were eluted by boiling in 2X SDS sample buffer, subjected
to SDS-PAGE separation, and detected by immunoblot with
anti-GFP (ab290; 1 : 3000; Abcam, Cambridge, UK) or anti-
mCherry (B1153; 1 : 3000; Biodragon, Beijing, China) antibod-
ies. Protein levels were quantified densitometrically using
TotatLas™ software as previously described (Huang et al, 2019).

Protein isolation and immunoblot analyses

Total protein was extracted from infiltrated tobacco leaves or
Arabidopsis seedlings by homogenizing in SDS-PAGE sample buf-
fer containing 10% (v/v) 2-mercaptoethanol. The homogenates
were vortexed for 5 min, boiled at 100°C for 5 min, and clarified
at 13 000 gfor 10 min. The supernatants were then separated by
SDS-PAGE and transferred onto polyvinylidene difluoride mem-
branes (IPVH00010; Millipore) for immunoblot analysis. Anti-
bodies against ATG8 were as described (Thompson e al., 2005).
Antibodies against BIN2, GFP, histone H3, and mCherry were
purchased from Youke Biotechnology (Shanghai, China)
(YKZPK72), Roche Applied Science (Indianapolis, IN, USA)
(11814460001), Abcam (ab1791), and Biodragon (B1153), respec-
tively. Blots were developed using BeyoECL Plus kit (P0018S; Bey-
otime, Shanghai, China) or BeyoECL Star kit (P0018AS;

Beyotime), according to the manufacturer’s instructions.
y g

Expression analysis of ATG genes

Total RNA was isolated by using the Plant RNAout kit (160906-
50; Tiandz Inc., Beijing, China) from 7-d-old seedlings grown
on MS medium and was converted to cDNA via HiScript®™ IT Q
RT SuperMix for qPCR Kit (R222-01; Vazyme Biotech Co.
Ltd) with oligo(dT)20 primers and then used as templates for
quantitative RT-PCR with gene-specific primers (Table S1). All
PCR reactions were carried out on a Bio-Rad CFX96™ real-time
PCR system using ChamQ Universal SYBR qPCR Master Mix
(Q711; Vazyme Biotech Co. Ltd). Arabidopsis UBQ10 was used
as an internal control, and the relative expression level of each
ATG gene was determined using the 2724¢ method. Three bio-
logical replicates were performed for each gene.

Statistical analysis

Data reported in this study are mean £ SD of three independent
experiments unless otherwise indicated. The significance of the
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differences between groups was determined by a two-tailed
Student’s #test. P-values of < 0.05 or < 0.01 were considered sig-
nificant. The quantification of PEAMT1-GFP-labeled puncta was
statistically analyzed by one-way ANOVA followed by Tukey post
hoc test, and quantifications of root length and rosette size were
statistically analyzed using a nonparametric Kruskal—Wallis test.

Results

Principle of AIM-based autophagy receptors

Using a tobacco (V. benthamiana)-based transient expression sys-
tem, we first tested whether our proposed AIM (derived from the
Arabidopsis autophagy receptor AtNBR1; Svenning er al., 2011;
Fig. 1b), when fused to the nonautophagy substrate mCherry,
could efficiently target mCherry to the vacuole. As expected,
numerous puncta were readily detected in the vacuole of AIM-
mCherry-expressing cells when treated with ConA, a specific inhi-
bitor of vacuolar-type ATPases (Drose et al, 1993; Dettmer
et al., 2006), whereas the untagged mCherry control was predom-
inantly diffused in the cytosol and nucleus regardless of ConA
treatment (Fig. S1). We then confirmed using colocalization
studies that the puncta were autophagic bodies, by co-expressing
AIM-mCherry and the autophagic marker GFP-ATG8a; most
vacuolar puncta were labeled with both fluorescent proteins
(Figs 1c, S2, S3). Mutations of the core hydrophobic residues in
an AIM impair its ATGS8-binding capability (Svenning
et al., 2011). Accordingly, mCherry fused with mutated AIM
(mAIM-mCherry) was mainly distributed in the cytosol (Figs 1c,
S1, S2). Together, the data demonstrated that tagging an AIM to
a nonautophagy substrate/peptide confers autophagic degrada-
tion to the latter.

To optimize the targeting efficiency of the AIM-containing
peptide, we generated the following three constructs by adding
extra domains (Fig. 1b): PB1-AIM-mCherry contains the Phox
and Bem1 (PB1) domain of AtNBRI1 to promote its polymeriza-
tion; FYVE-AIM-mCherry possesses the membrane-tethering
domain FYVE (Fab-1, YGL023, Vps27, and EEAIl), which
serves as an additional anchor to tether the receptor to the
autophagosomal membranes; and, 3XAIM has a triplicate AIM
to improve its binding strength. By independently co-expressing
each construct with GFP-ATG8a, we determined that all these
three constructs had higher ATG8-binding affinity than AIM-
mCherry using Co-IP, while neither mCherry nor mAIM-
mCherry showed any interaction with ATG8, which was consis-
tent with our microscopic observations (Fig. 1e,f).

Subsequently, we applied a Calcineurin B-like protein 1
(CBL1)-driven plasma membrane co-translocation assay to test
the targeting efficiency of these constructs in a plant cellular envi-
ronment (Batistic ez al, 2008). nCBL1-GFP-ATGS8a (GFP-
ATGS8a fused to the C terminus of CBL1) was anchored to the
plasma membrane by the lipidation modification on CBL1, caus-
ing the co-translocation of AIM-containing proteins but not free
mCherry or mAIM-mCherry due to the interaction between
ATGS8 and AIM motif (Fig. S4). When expressed individually,

the subcellular localizations of various AIM-containing peptides
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were similar to that of AIM-mCherry, with the exception of
FYVE-AIM-mCherry, which was also found in some rapidly
moving vesicular structures in addition to the cytosol, indicating
that the addition of extra domain(s) did not affect the vacuolar
targeting of AIM-mCherry (Figs S5, S6; Video S1). When co-
expressed with nCBL1-GFP-ATG8a, these three peptides all dis-
played improved co-translocation with nCBL1-GFP-ATG8a
compared to that with AIM-mCherry (Fig. 1g), with PB1-AIM-
mCherry having the highest targeting efficiency. Taken together,
these data suggest that AIM triplication or the addition of extra
domains can be used to enhance the binding to ATGS, although
the addition of the FYVE domain could mistarget ATG8 to cer-
tain nonautophagic vesicles.

AlM-based autophagy receptors can target diverse
GFP-tagged substrates

We next examined whether a nonautophagic substrate could be
targeted by an engineered autophagy receptor through protein—
protein interactions. GFP-binding protein is the variable domain
of a llama (Lama glama) heavy-chain antibody that can bind with
high affinity to GFP and its variant YFP, but not CFP (Roth-
bauer et al, 2006; Schornack et al, 2009). We created a
GBP-containing receptor (AIM-GBP-mCherry) to knock down
GFP-tagged proteins (Figs 2a, S7). We first tested this system
using TGAS5 (Kim & Delaney, 2002), a nucleus-localized bZIP
transcription factor from Arabidopsis. When expressed in
tobacco, the GFP-TGAS5 signal localizes exclusively in the
nucleus regardless of ConA treatment, suggesting that it is not
an autophagy substrate (Fig. S8a). When co-expressed with A7M-
GBP-mCherry but not mAIM-GBP-mCherry, GFP-TGA5-
labeled puncta accumulated in the vacuole, colocalizing with
AIM-GBP-mCherry upon ConA treatment, indicating the lat-
ter’s capability to deliver a GFP fusion protein to the vacuole
(Figs 2b, S8¢). In addition to the GFP-TGAS5 fusion, another
representative, the plasma membrane—anchored brassinosteroid
(BR) receptor Brassinosteroid insensitive 1 (BRI1)-GFP, also
showed autophagic degradation in the presence of AIM-GBP-
mCherry (Figs 2d, S8b,d). We then further confirmed that the
GFP-TGA5 and BRI1-GFP fusions were targeted for autophagic
turnover using the free GFP release assay, an approach that mea-
sures autophagy-dependent vacuolar transport (Marshall & Vier-
stra, 2018). As shown in Fig. 2¢, free GFP derived from GFP-
TGAS is readily detected when co-expressed with AIM-GBP-
mCherry, but not with mAIM-GBP-mCherry regardless of
ConA, indicating that GFP-TGAS5 can be degraded through
autophagy mediated by AIM-GBP-mCherry. Free GFP released
from BRI1-GFP could be detected both in AIM-GBP-mCherry
and in mAIM-GBP-mCherry samples, but accumulated more in
AIM-GBP-mCherry samples (Fig. 2¢). The accumulation of free
GFP in mAIM-GBP-mCherry samples could be due to
endocytosis-mediated degradation as endocytosis is a well-known
mechanism for BRII activity regulation (Geldner ez al, 2007).
The confocal and immunoblot results clearly demonstrate that
the AIM-GBP-mCherry receptor can promote the autophagic
degradation of GFP fusion proteins.
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Fig. 2 GFP-binding protein-containing autophagy receptor is sufficient for directing GFP/YFP-tagged proteins and peroxisomes to the vacuole for degra-
dation. (a) Diagram of the AIM-GBP-mCherry construct. GBP, GFP-binding protein. (b, d) AIM-GBP-mCherry targets GFP-tagged TGAS5 (a nucleus-
localized bZIP transcription factor; (b) and BRI1 (plasma membrane-anchored brassinosteroid receptor; (d) to the vacuole. Nicotiana benthamiana leaf epi-
dermal cells were co-infiltrated with AIM-GBP-mCherry and GFP-TGA5 or BRI1-GFP, then analyzed using confocal microscopy 36 h after agroinfiltration
and subsequent 16-h incubation with 1 pM concanamycin A (+ConA) or DMSO (-ConA). Bars, 10 pm. (c, ) Immunoblot analysis showing that autopha-
gic receptor AIM-GBP-mCherry promotes autophagic degradation of GFP-TGA5 and BRI1-GFP. Total proteins were extracted from N. benthamiana leaves
in (b, d) and immunoblotted with anti-GFP or anti-mCherry antibodies. 20 S proteasome subunit PBA1 was used to confirm near-equal protein loading. (f)
lllustration of the AIM-GBP-mCherry and PEX3-YFP constructs for promoting pexophagy. PEX3-YFP anchors to the peroxisomal membrane with its C-
terminal YFP exposed to the cytosol, where it is recognized by AIM-GBP-mCherry for autophagic degradation. (g) Confocal imaging showing that AIM-
GBP-mCherry directs PEX3-YFP-anchored peroxisomes to the vacuole. Nicotiana benthamiana leaf epidermal cells were co-infiltrated with PEX3-YFP,
AIM-GBP-mCherry, and PX-mCerulean (peroxisome matrix marker), then analyzed using confocal microscopy 36 h after agroinfiltration and subsequent
16-h incubation with 1 pM ConA. Insets show 2.5x magnifications of the colocalized signals of the three proteins (outlined by the white dash box). Arrows
indicate peroxisomes in the cytosol, while arrowheads indicate peroxisomes in the vacuole lumen. Bars, 10 pm.
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To test whether the GBP-containing receptor can perceive a
larger GFP-tagged substrate, such as a membrane-bound orga-
nelle, we labeled a peroxisome with YFP at the cytoplasmically
exposed C terminus tail of Arabidopsis PEX3 (peroxisomal bio-
genesis factor 3; Soukupova ez al., 1999), a peroxisomal mem-
brane protein (Fig. 2f). The PEX3-YFP signal was observed as
ring-like structures surrounding PX-mCerulean, a peroxisomal
luminal mCerulean marker protein appended with the well-
characterized peroxisomal targeting signal 1 (PTS1; Fig. S9).
When co-expressed, AIM-GBP-mCherry colocalized with PEX3-
YFP on rapidly moving punctate structures resembling peroxi-
somes, in addition to its accumulation in the cytosol (Fig. S10a).
Higher-resolution microscopic imaging revealed that the fluores-
cent pattern of AIM-GBP-mCherry mostly overlapped with that
of PEX3-YFP. By contrast, AIM-mCherry remained in the cyto-
sol when co-expressed with PEX3-YFP (Fig. S10b). These results
strongly suggest that the AIM-GBP-mClherry receptor can attach
to peroxisomes through the interaction between GBP and PEX3-
YFP.

To determine whether AIM-GBP-mCherry targets PEX3-
YFP-coated peroxisomes for vacuolar degradation, we further co-
expressed AIM-GBP-mCherry, PEX3-YFP, and PX-mCerulean.
Whereas most of the three fluorescent proteins colocalized in the
cytosol as punctate structures before the ConA treatment, some
colocalized puncta of these florescent proteins appeared in the
vacuole upon ConA treatment (Fig. 2g). In addition, confocal
time-lapse imaging revealed that the colocalized puncta of AIM-
GBP-mCherry and PEX3-YFP exhibited two distinct types of
movement: one characterized by rapid movement along the
plasma membrane and the other by random movement, which is
typical for autophagic bodies within the vacuolar lumen
(Video S2). By contrast, coexpression of mAIM-GBP-mCherry
with PEX3-YFP and PX-mCerulean failed to detect the colocal-
ized puncta of mAIM-GBP-mCherry and PEX3-YFP in the vac-
uole (Fig. S11). Taken together, the above data demonstrate that
the AIM-GBP-mCherry receptor can bind YFP-coated peroxi-
somes and mediate their autophagic degradation.

AlM-based autophagy receptors mediate GFP fusion
protein degradation in transgenic plants

Having confirmed that AIM-GBP-mCherry could mediate the
autophagic degradation of GFP fusion proteins when expressed
transiently, we next asked whether this approach could be applied
to stably expressed GFP fusions. For this purpose, we chose the
Arabidopsis mutant defective primary root 2 (dpr2 or peamtl) car-
rying the rescue transgene PEAMTI-GFP (Zou et al., 2019).
PEAMT1 encodes phosphoethanolamine N-methyltransferase 1,
an enzyme essential for the biosynthesis of the phospholipid
phosphatidylcholine. The loss of PEAMTT1 affected the reactive
oxygen species- and auxin-regulated cell differentiation in the
root apical meristem and caused a short primary root phenotype
(Zou et al., 2019). We reasoned that, if the expression of AIM-
GBP-mCherry could knock down PEAMTI-GFP, the loss-of-
function phenotypes of dpr2 would be phenocopied. We com-
pared the primary root lengths of PEAMTI-GFP dpr2 to those of
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PEAMTI-GFP dpr2 in which AIM-GBP-mCherry or mAIM-
GBP-mCherry was introduced, along with wild-type (WT) and
dpr2 seedlings. As expected, transgenic lines expressing mAIM-
GBP-mCherry showed a normal primary root length, whereas
lines expressing AIM-GBP-mCherry showed short primary root
phenotype similar to the dpr2 mutant (Fig. 3a,b), albeit to a
slightly lesser extent.

To determine whether the phenocopy of the dpr2 mutant is
caused by the autophagic degradation of PEAMT1-GFP medi-
ated by AIM-GBP-mCherry, we first applied confocal micro-
scopy imaging to track the subcellular localization of PEAMT1-
GFP. It was mainly localized in the cytosol of root cells and
showed no obvious change in subcellular localization upon ConA
treatment (Fig. S12); however, PEAMT1-GFP-labeled puncta
were readily detected in the vacuoles of PEAMTI-GFP AIM-
GBP-mCherry dpr2 seedlings when treated with ConA, whereas
they were absent in similarly treated PEAMT1-GFP mAIM-GBP-
mCherry dpr2 seedlings (Fig. 3c,d). We then used free GFP
release assay to test whether the PEAMT1-GFP fusion was tar-
geted for autophagic degradation. While we detected fused GFP
forms in all tested lines using an immunoblot analysis, we
observed free GFP forms only in seedlings expressing AIM-GBP-
mCherry, not in PEAMTI-GFP dpr2 or seedlings expressing
mAIM-GBP-mCherry (Fig. 3e). Moreover, a strong accumulation
of free GFP was seen when autophagy activity is induced by
nitrogen starvation (Fig. 3e). From the above experiments, we
concluded that AIM-GBP-mCherry is indeed able to mediate the
autophagic degradation of PEAMT1-GFP, thus phenocopying
the loss-of-function mutant dpr2.

AlM-based autophagy receptors can be used to degrade
endogenous BIN2 protein

As described in the previous section, in principle, it should be pos-
sible to degrade nongenetically modified native proteins instead of
GFP fusions by replacing the GBP with alternative binders that
have a high affinity to the target POIs. To this end, we decided to
target Arabidopsis Brassinosteroid insensitive 2 (BIN2), a GSK3-
like kinase that inhibits BR downstream signal transduction by
phosphorylating the transcription factors BRI1-EMS suppressor 1
(BES1) and Brassinazole resistant 1 (BZR1), thus affecting plant
architecture, including rosette size, petiole length, and plant sta-
ture (Li & Nam, 2002). The protein abundance of BIN2 is tightly
regulated by the UPS (Peng er al, 2010; Zhu ez al., 2017). To
degrade endogenous BIN2 via the autophagy pathway, we
designed an autophagy receptor bearing the C82 fragment (amino
acids 255-336), a BIN2-binding sequence from BZRI1 (Peng
et al., 2008). A transient expression experiment showed that the
designed constructs AIM-BZR1C82-mCherry and PBI-AIM-
BZR1C82-mCherry, but not mAIM-BZRIC82-mCherry, could
target BIN2 for autophagic degradation (Fig. S13).

We then created transgenic plants by expressing the AIM-
BZR1C82-mCherry construct in a BIN2-GFP line, which displays
a similar but weaker BR signaling-deficient phenotype than that
of gain-of-function bin2-1 mutant due to overexpression of

BIN2-GFP (Peng er al, 2008; Fig. 4a). For control and
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comparison, we also created transgenic plants expressing PBI-
AIM-BZRI1C82-mCherry, mAIM-BZR1C82-mCherry, or AIM-
mCherry individually. As expected, the resulting transgenic plants
expressing AIM-mCherry showed no changes in their rosette
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phenotypes, whereas the majority of transgenic plants expressing
AIM-BZRI1C82-mCherry or PBI-AIM-BZRI1C82-mCherry pro-
duced bigger rosettes with visible petioles and flatter leaves than
the BIN2-GFP control (Fig. S14). Notably, c. 30% of transgenic

(a) (b) 40
AIM-GBP-mC mAIM-GBP-mC a a a
PEAMT1-GFP PEAMT1-GFP PEAMT1-GFP __ 2 )(
£ 304
E AN A
£ ’ﬁ lof2 e | it
= (o333 \BY, b
© 204 7
8 ‘? ? A |
o ¢ o]
g 10 I
s é Y
A ) CW‘|"dpr2'<2'CJ(<<2'Q<2'
F S
RN NS
2 ?3@(0‘?“ a
RV X
©)  peawT1-GFP AIM-GBP-mC ' dpr2 '
' < (d)
o 3001
(@] a
|
T s
8 2 2001
+ . a
3
PEAMT1-GFP mAIM-GBP-mC -g [0
<« 2E
5 < 100
Q a
b
< 2 N c c
§ 0 <“C:A?| ) T Q) I-.-C;h-—l
+ X ,6‘0(\?" Sy S &

(e)

WT AIM-GBP-mC mAIM-GBP-mC
+ - + - + -

3 =z
P

1.00 1.06 072 027 1.09 1.05  opavirg
— — - —— L

<
T

Molecular mass (kDa)
(o)
o

.' 4GFP

0.00 0.01 0.87 "2.54 0.01 0.03

A —— ||}
15

8 50 «(MAIM-GBP
< - ——

w 37

& R <I{mCherry

E 25

2 20

[$]

o

[¢]

=

New Phytologist (2023) 237: 684-697
www.newphytologist.com

117

© 2022 The Authors

New Phytologist © 2022 New Phytologist Foundation.

85U8017 SUOWILLIOD @A 18810 3(cedldde ayy Aq peusenob ae ssjoie YO ‘@sn Jo el 1oy ArIqiT8UIIUO AB[IA UO (SUONIPUCD-PUe-SLLIBYWOD A8 | 1M ARIq 1 BU1|UO//SdNL) SUORIPUOD PUe SWid | 8L 88S *[£202/20/GZ] U0 A%l aulluo A8IM ‘amno LBy euiyD yinos Aq 2GG8T Udu/TTTT 0T/I0p/L00 A 1M Aiqipul|uo yduy/sdny wouy pepeojumod ‘g ‘€202 ‘LET869YT



New
Phytologist

Fig. 3 GFP-binding protein-containing peptide directs PEAMT1-GFP to the vacuole for autophagic degradation. (a, b) Root phenotype of representative
Arabidopsis plants expressing AIM-GBP-mCherry (AIM-GBP-mC) or mAIM-GBP-mCherry (mAIM-GBP-mC) in the PEAMT1-GFP dpr2 background. For
each construct, three transgenic lines with comparable levels of mCherry protein were selected for further phenotypic analysis. Root lengths of these repre-
sentative lines, as well as those of the wild-type (Col-0), dpr2 mutant, and PEAMT1-GFP dpr2 rescued line, were measured at 8 d after germination and
shown in (b). Violin plots show the distribution of primary root length (n > 30 seedlings per genotype from three independent experiments). Each individ-
ual value is represented by a dot, and three lines (from the bottom to the top) in each plot show the location of the lower, the median, and the upper quar-
tiles, respectively. Data are mean + SD. Different letters indicate statistically significant differences (P < 0.05), as determined with a nonparametric
Kruskal-Wallis test. Bar, 1 cm. (c, d) Deposition of PEAMT1-GFP-containing vesicles in the vacuole requires a functional GBP-containing autophagy recep-
tor. Plants co-expressing PEAMT1-GFP together with AIM-GBP-mCherry or mAIM-GBP-mCherry were grown for 6 d on MS solid medium and transferred
to MS liquid medium containing 1 pM concanamycin A (ConA) for an additional 24 h. Root cells were imaged using confocal fluorescence microscopy. The
quantification of PEAMT1-GFP-labeled puncta is shown in (d). Images (n = 15) were collected to calculate the number of PEAMT1-GFP puncta per frame
(mean =+ SE). In the violin plots, each individual value is represented by a dot and three lines (from the bottom to the top) in each plot show the location of
the lower, median, and upper quartiles, respectively. Different letters indicate statistically significant differences (P < 0.05), as determined using one-way
ANOVA followed by Tukey's test. Bars, 10 um. (e) Nitrogen starvation promotes autophagic degradation of PEAMT1-GFP in plants expressing a functional
GBP-containing autophagy receptor. One-week-old plants expressing PEAMT1-GFP alone, or co-expressing PEAMT1-GFP with AIM-GBP-mCherry or
mAIM-GBP-mCherry, were grown on MS solid medium and then transferred to fresh MS liquid medium or medium lacking nitrogen (—N) for an additional
24 h. Total seedling protein extracts were immunoblotted with anti-GFP or anti-mCherry antibodies. Histone H3 was used to confirm near-equal protein
loading. Numbers above bands of PEAMT1-GFP and below bands of free GFP indicate the ratio of the band to H3, normalized such that the ratio from the

-

wild-type under nitrogen-rich conditions (WT, +) was set to 1.0.

plants expressing these two constructs had a rosette width compa-
rable with wild-type seedlings. Four representative transgenic
plants expressing AIM-BZR1C82-mCherry with varying pheno-
types are shown in Fig. 4(a). Unexpectedly, about half of the
expressing mAIM-BZR1C82-mCherry also  showed
improved rosette phenotypes, albeit to a lesser degree than AIM-
BZR1C82-mCherry plants (Figs 4b, S14). A previous study by
Nolan ez al. (2017) has shown that autophagy can modulate BR
signaling in plants through autophagy receptor DSK2-mediated

plants

degradation of BES1. Therefore, we examined the endogenous
autophagy activity in the transgenes by qRT-PCR analysis of
multiple ATG genes and immunoblot analysis of ATG8 proteins.
As shown in Fig. S15, the expression levels of multiple ATG
genes and the abundance of ATG8 proteins are comparable to
those of wild-type control, indicating that the endogenous autop-
hagy activity of these transgenes is not altered, and the recovery
phenotype observed in mAIM-BZRI1C82-mCherry plants was
likely caused by interference with BIN2 by the C82 fragment
within it.

We then examined the protein abundance of endogenous
BIN2, BIN2-GFP, and AIM-BZR1C82-mCherry in the above
four representative AIM-BZRIC82-mCherry-expressing plants
using western blotting. As shown in Fig. 4(c), plants with bigger
rosettes (#4) accumulated much higher levels of mCherry fusion
proteins than those exhibiting 4i#2-1 phenotypes (#1 and #2).
Consistent with this result, plants with larger rosettes had signif-
icantly lower levels of BIN2-GFP or endogenous BIN2 than
smaller plants. A similar immunoblot analysis performed with
mAIM-BZR1C82-mCherry plants revealed that overexpression
mAIM-BZR1C82-mCherry does not change the protein levels
of BIN2-GFP (Fig. S16). Microscopy observation of root cells
also detected numerous puncta decorated with BIN2-GFP in
the vacuole of seedlings expressing AIM-BZRIC82-mCherry, but
not in mAIM-BZRIC82-mCherry plants (Fig. 4d), indicating
the vacuolar degradation of BIN2-GFP mediated by AIM-
BZR1C82-mCherry. Taken together, these data demonstrate
the capability and specificity of BIN2-targeting peptides
(AIM-BZR1C82-mCherry and PB1-AIM-BZR1C82-mCherry)
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in the autophagic degradation of their endogenous binding part-
ner BIN2.

Discussion

In this study, we established a new targeting method for degrad-
ing diverse fluorescently tagged or native proteins iz vivo using
the engineered AIM-based autophagy receptors. The efficient
knockdown of various tagged proteins in the tobacco-based tran-
sient expression system (Figs 2b,c, S8) and in stable transgenic
lines (Fig. 3), as well as the native BIN2 protein (Fig. 4), demon-
strates the feasibility and versatility of this AIM-based method,
providing proof-of-concept evidence for using it to efficiently
degrade endogenous cytosolic proteins in planta.

Specificity is the most important property of a protein-
targeting system. For our AIM-based autophagy receptors, their
specificity is largely dependent on the specificity and affinity of
the interaction between the binder and the POI, such as GBP
and GFP. Besides the fluorescently tagged or native proteins
tested in our study, AIM-based autophagy receptors may also be
used for selectively targeting mutant protein variants or post-
translationally modified proteins by utilizing specific binders. In
addition, combined with other regulatory layers, such as tissue
specificity or inducibility by small chemicals or environmental
stresses, the method could also be applied to study protein func-
tions in selected tissues or in certain growth stages. More intrigu-
ingly, because of the wide substrate range of selective autophagy,
the method might be applicable to various cytosolic cargoes such
as protein aggregates, organelles, DNA/RNA molecules, and even
invading pathogens in plants. It has been demonstrated concep-
tually by using chimera AUTAC molecules to remove dysfunc-
tional mitochondria (Takahashi er 4/, 2019), by using ATTECs
for targeting lipid droplets in mammalian cells (Fu ez al., 2021)
and by using AIM-based degrader to degrade fluorescently tagged
peroxisomes in this study (Fig. 2¢), which is not possible using
current nucleic acid-based methods.

The efficacy of AIM-based autophagy receptors also depends
on their binding ability to ATG8. We optimized binding by
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Fig. 4 ATG8-binding motif-based peptide targets BIN2 to the vacuole for autophagic degradation. (a) Four representative transgenic Arabidopsis plants
expressing AIM-BZR1C82-mCherry in a BIN2-GFP transgenic background with varying phenotypes. Transgenic plants were grown along with the wild-
type (Col-0) and BIN2-GFP under long-day (LD) conditions for 4 wk. (b) Rosette width of plants expressing AIM-BZR1C82-mCherry, PB1-AIM-BZR1C82-
mCherry, mAIM-BZR1C82-mCherry, and AIM-mCherry in a BIN2-GFP background. For each construct, 32 T, seedlings were grown alongside Col-0 and
BIN2-GFP under LD conditions for 4 wk, after which rosette width was measured. In the violin plots, each individual value is represented by a dot, and
three lines (from the bottom to the top) in each plot show the location of the lower, median, and upper quartiles, respectively. Data are mean + SD. Differ-
ent letters indicate statistically significant differences (P < 0.05), as determined with a nonparametric Kruskal-Wallis test. (c) Western blot analysis of AIM-
BZR1C82-mCherry, BIN2-GFP, and endogenous BIN2 protein accumulation in the four transgenic lines shown in (a). Total protein extracts were separated
using SDS-PAGE and analyzed by immunoblotting with anti-BIN2, anti-GFP, or anti-mCherry antibodies. Histone H3 was used to confirm near-equal pro-
tein loading. (d) Deposition of BIN2-GFP-containing vesicles in the vacuole requires functional AIM-BZR1C82 constructs. Plants co-expressing BIN2-GFP
together with AIM-BZR1C82-mCherry or mAIM-BZR1C82-mCherry were grown for 6 d on MS solid medium and transferred to MS liquid medium con-
taining 1 pM concanamycin A (ConA) for an additional 24 h. Root cells were imaged using confocal fluorescence microscopy. Bars, 10 pm.
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AIM wiplication and the introduction of additional anchor
domains, such as PB1 and FYVE. And we showed that all these
approaches could enhance the binding to ATG8 (Fig. le,g),
which is consistent with the observation described by Stolz
et al. (2017). However, the addition of an FYVE domain can
mistarget ATG8 to certain nonautophagic vesicles (Fig. S5;
Video S1). Another optimization approach worth trying is the
introduction of negatively charged amino acid residues close to
the AIM to improve its binding toward ATGS8, which has been
reported previously (Wild er af, 2011). Phage display has been
used to isolate specific binding peptides toward ATG8 in mam-
malian cells (Stolz ez al., 2017) and could be adapted to isolate
new peptides that possess bona fide AIM with better affinity to
plant ATGS than that of AtINBRI.

The apparent limitation of this method is that it cannot
degrade proteins involved in the autophagy machinery or vacuo-
lar/lysosomal integrity. In addition, the proteins that reside in the
endoplasmic reticulum, Golgi apparatus, or other endomem-
brane organelles generally are involved in co-translational translo-
cation and seem not to be the potential cargo for our method as
they are not accessible by autophagy machinery. However, these
problems could be partially addressed by harnessing the UPS
using a similar strategy. High-affinity binders targeting specific
cargoes are vital for the development of AIM-based autophagy
receptors. Here we have successfully designed the GBP-
containing receptor for targeting GFP-tagged proteins and the
BZR1C82-bearing receptor for targeting BIN2 and proven their
efficacy. However, there are still many plant proteins and cargoes
that lack high-affinity binders, which limits the applicability of
AIM-based receptors in plant research. This limitation may be
overcome by using methods such as phage display and peptide
arrays, which can aid in the discovery of appropriate binders.
Nanobodies, like GBP, are also beneficial in this context, because
they have a low molecular weight and small size, and can be easily
generated and effectively optimized (Wang ez 2/, 2021).

In summary, this study provides a novel tool for perturbing
protein levels in plants by harnessing the autophagic degradation
pathway. Because it relies on autophagy, the AIM-based degrader
could degrade soluble and aggregated proteins, organelles, and
other cytosolic substrates. We therefore envisage that combining
DNA- and RNA-targeting approaches with our method will
advance the decoding of protein functions in basic and applied
plant research.
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Fig. S1 ATGS8-binding motif-containing peptide sorts fused
mCherry fluorescent protein to the vacuole.

Fig. S2 Coexpression of ATG8-binding motif-mCherry with
autophagy marker GFP-ATGS8a in Nicotiana benthamiana leaf
epidermal cells.
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Fig. 83 Representative confocal images showing cellular localiza-
tions of mCherry together with GFP-ATG8a.

Fig. S4 nCBL1-GFP-ATGS8a is a plasma membrane—anchored
protein.

Fig. S5 Subcellular localization of various ATG8-binding motif-
mCherry peptides.

Fig. S6 Coexpression of various ATG8-binding motif-mCherry
constructs with autophagy marker GFP-ATGS8a in Nicotiana
benthamiana leaf epidermal cells.

Fig. S7 Subcellular localization of ATG8-binding motif-GBP-
mCherry protein.

Fig. S8 Subcellular localizations of TAG5-GFP and BRI1-GFP
after ConA treatment.

Fig. S9 Peroxisomal localization of PEX3-YFD.

Fig. S10 Peroxisomal membrane protein PEX3-YFP tethers
autophagy receptor ATG8-binding motif-GBP-mCherry to per-

oxisomes.

Fig. S11 Mutated autophagy mAIM-GBP-
mCherry fails to direct PEX3-YFP-anchored peroxisomes to

the vacuole.
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Fig. S12 Subcellular localization of PEAMT1-GFP fusion protein.

Fig. S13 ATG8-binding motif-BZR1C82 peptides target BIN2-
GFP fusion to the vacuole for degradation.

Fig. S14 Overexpression phenotypes of various ATG8-binding
motif-BZR1C82-mCherry constructs.

Fig. S15 Analysis of the expression levels of representative ATG
genes and ATGS8 protein levels in plants expressing various
BZR1C82-mCherry constructs.

Fig. $16 mAIM-BZR1C82-mCherry peptide does not affect the
protein level of BIN2-GFP.

Table S1 Oligonucleotide primers used in this study.

Video S1 Time-lapse imaging of a tobacco leaf cell expressing
FYVE-ATGS8-binding motif-mCherry.

Video S2 Time-lapse imaging of a tobacco leaf cell expressing
ATGS8-binding motif-GBP-mCherry and PEX3-YFP under
ConA treatment.

Please note: Wiley is not responsible for the content or function-
ality of any Supporting Information supplied by the authors. Any
queries (other than missing material) should be directed to the

New Phytologist Central Office.

New Phytologist (2023) 237: 684-697
www.newphytologist.com

25U80 17 SUOWIIOD BAITERID 3]0l [dde 3y AQ peuBA0B 3.6 SARILE VO ‘38N 10 S3N. 10} ARRIqIT BUIUO A3]1 UO (SUOTIPUOD-PUE-SLLLIBILI0D B 1M ATeJql1[pUI U/ SCY) SUOIPUOD PUE SULB L aU) 95 *[E20Z/20/GZ] UO ARIGITBUIIIO ABIAM ‘BAMINOLIBY BUILD UINOS Aq 2SG8T UdU/TTTT OT/I0p/woo" 81w Azeiqipu|uo yduj/scy woJy pepeojumod Z ‘g



. \.\.\.\l.s ( )l ‘

123



ContentSnapshots

Annals of Botany Volume 118 Number 2 2016

Root system architecture of oilseed
rape under two phosphate
availabilities

doi:10.1093/aob/mcw083

One important adaptation of plants to Phosphorus (P) deficiency
is to alter root system architecture (RSA) to increase P acquisition
from the soil, but soil-based observations of RSA are technically
challenging, especially in mature plants. Pan et al. (pp. 173-184)
developed a new large Brassica-rhizotron system to study RSA
dynamics of B. napus in soils at low and high P. RSA parameters
measured in polycarbonate plate roots were empirically consistent
with analyses of excavated roots. Given that root senescence is
likely to occur earlier at low P, crop P deficiency is likely to
affect late water and nitrogen uptake.

sraa | Organellar phylogenomics of
; Sphagnum

doi:10.1093/aob/mcw086

Sphagnum (peatmoss) is rapidly developing as a model for
ecological genomics research. Twenty or more species of
Sphagnum often co-exist within peatlands and sort themselves
relative to abiotic niche gradients. Approximately one third of all
terrestrial carbon is currently bound up in Sphagnum-dominated
peatlands. Fundamental to the utility of peatmosses for ecological
research is a phylogenetic framework for the genus, but
relationships among major clades within Sphagnum have been
difficult to resolve. Shaw et al. (pp. 185-196) present a
phylogenomic analysis for Sphagnum based on mitochondrial and
plastid genome sequences and resolve clades suggesting that
interspecific ecological differentiation and the evolution of traits
that impact global climate evolved early in diversification of
peatmosses.

Spore settling velocity to assess moss
dispersal rates

doi:10.1093/aob/mcw092

The settling velocity of diaspores is a key parameter influencing
dispersal ability in wind-dispersed plants but remains largely
undocumented in bryophytes. Zanatta et al. (pp. 197-206)
measured this parameter for nine species using a fall tower design
combined with a high-speed camera and determine that, while
settling velocity can be estimated by spore diameter in most of
the cases, some spores show important departures from
theoretical expectations. The authors investigate the potential
causes of this divergence by taking specific variation in spore
shape and surface roughness into account and suggest that this
affects the balance between density and drag.
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W The remarkable stomata of
horsetails (Equisetum)

L doi:10.1093/aob/mcw094

Horsetails are an ancient group of land plants that possess many
unusual features, including the structure and development of the
apertures (stomatal pores) in the epidermis. In addition to a
symmetric pair of guard cells, stomata in Equisetum are delimited
by an overlying pair of neighbour cells with characteristic vault-
like radiating thickenings. Stomatal development involves a well-
defined series of asymmetric and symmetric mitoses. The results
of Cullen and Rudall (pp. 207-218) contribute to our
understanding of the diverse patterns of stomatal development in
land plants. They add to a considerable catalogue of highly
unusual traits of horsetails - one of the most evolutionarily
isolated land-plant taxa.

Silicon enhances cellular defences in
root tissues of cotton after pathogen
inoculation

doi:10.1093/aob/mcw095

Silicon has been shown to enhance the resistance of plants to
fungal and bacterial pathogens, however the underlying
mechanisms have not been studied in detail in most plants. Whan
et al. (pp. 219-226) compare cellular and biochemical
modifications in root tissue of two cotton cultivars grown in
media amended with soluble potassium silicate, and inoculated
with a vascular wilt pathogen, Fusarium oxysporum f. sp.
vasinfectum. Cellular defences, including deposition of electron
dense material and accumulation of phenolic compounds, were
more rapidly induced and more intense after Si treatment in a
cultivar with greater inherent resistance to the pathogen.

Conflicting selection on floral
traits

doi:10.1093/aob/mcw097

Floral traits attracting pollinators may also attract seed predators;
however, evidence for conflicting selection on such traits remains
scarce. One could expect that such selection generated by
pollinators and seed predators varies geographically. Examining
multiple populations across a geographic mosaic of environments
and floral variation, Sun et al. (pp. 227-237) investigate female
reproductive success in a bumblebee-pollinated subalpine herb,
Pedicularis rex, in which tubular flowers are subtended by
cupular bracts holding rain water. They found that plants
experienced conflicting selection: those with flowers that were
more exserted beyond the water-holding bracts were better
pollinated, but also suffered more seed predation.
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Leaf N is generally highest in top leaves and decreases with depth
in leaf canopies. Although such a gradient contributes to efficient
use of canopy N for photosynthetic production, the gradient of
leaf N is suboptimal in actual canopies. Hikosaka et al. (pp.
239-247) present a meta-analysis of the vertical gradient of leaf
N which reveals that in most canopies except for wheat, the slope
of the leaf N was half of the optimal slope.

" Plants with similar colours attract

different pollinators.
doi:10.1093/aob/mcw103

Different pollinator groups (bees, ants, wasps, flies, beetles and
butterflies) preferentially visit flowers of certain colours.
Interestingly, these colour preferences match the predictions of
the pollination syndrome theory. However, flowers with similar
colours do not attract similar pollinator assemblages. This is due
to the fact that most flower species are pollinator generalist.
Reverté et al. (pp. 249-257) conclude that although pollinator
colour preferences seem to condition plant-pollinator interactions,
the selective force behind these preferences has not been strong
enough to mediate the appearance and maintenance of tight
colour-based plant-pollinator associations.

Brachypodium peroxidase and
drought tolerance

doi:10.1093/aob/mcw104

The peroxidase (POD) family shows functional diversity. Luo

et al. (pp. 259-270) demonstrate that Brachypodium distachyon
ecotypes have distinct specific POD isozymes. Two POD genes
are closely associated with whole-plant response to drought,
which may lead to natural variations of drought tolerance. The
role of specific POD genes in differentiating Brachypodium
accessions with contrasting drought tolerance could be associated
with the general fitness of Brachypodium distachyon during
evolution.

Silicon enhances leaf remobilization
of iron in cucumber

doi:10.1093/aob/mcw 105

Recently it has been demonstrated that Si nutrition can alleviate
Fe deficiency chlorosis in cucumber (Cucumis sativus) by
enhancing acquisition and root-to-shoot translocation of Fe. Here,
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Pavlovic et al. (pp. 271-280) show that Si induces Fe
mobilization in older (sink) leaves and increases its
retranslocation to younger (source) leaves. In older leaves, Si
enhanced expression of NAS1 transcripts responsible for an
increased tissue concentration of Fe chelator nicotianamine (NA).
This was paralleled by an increased expression of the YSL1
transporter and hence more efficient movement of Fe-NA
complex from source to sink leaves via the phloem.

Breeding system diversification and
evolution in Poa

doi:10.1093/aob/mcw108

Species of Poa show an exceptional diversity in breeding
systems represented by the occurrence of hermaphroditism to
dioecism, with gynomonoecy very frequent among species in
South America. Giussani et al. (pages 281-303) contribute to
the understanding of the evolutionary patterns in Poa associated
with species sexuality and their current distribution. Divergence
dating provides a temporal context to the evolution of breeding
systems. Infrageneric taxonomic categories in New World Poa
supersect. Homalopoa can be accommodated to the
phylogenetic results in correlation with reproductive system and

geography.

Silicon moderated K-deficiency-
induced leaf chlorosis

doi:10.1093/aob/mcw111

Silicon (Si) has been widely reported to alleviate the plant
nutrient deficiency, but the alleviating effect of Si on potassium
(K) deficiency and its underlying mechanism are poorly
understood. Chen et al. (pp. 305-315) investigate the influence of
Si on putrescine (Put) metabolism under K deficiency in Sorghum
bicolor, and find that Si application could reduce K-deficiency-
induced Put accumulation by inhibiting Put synthesis and could
decrease H,O, production via Put oxidation. Decreased H,O,
accumulation contributes to the alleviation of cell death, thereby
alleviating K-deficiency-induced leaf chlorosis and necrosis. The
results indicate that Si application could alleviate the K
deficiency-induced leaf chlorosis by decreasing H>O, via
inhibiting Put synthesis and oxidation.

Simulation of shoot and fruit growth
in apple

doi:10.1093/aob/mcw085

Modeling approaches which reveal how a plant allocates
carbohydrates to the different organs are of major interest since
carbohydrate allocation determines many growth processes. In
this study, Pallas ef al. (pp. 317-330) describe a modeling
approach allowing the simulation of carbohydrate allocation and
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organ growth in apple trees by coupling two models, MappleT
and QualiTree. The coupled model was appropriate to simulate
growth characteristics at the tree and organ scales. This modeling
approach shows the necessity of accurately simulating the impact
of distances between sources and sinks as well as shoot
ontogenetic characteristics, in order to represent the observed
growth variability within tree architecture.

Breaking dormancy in Persoonia

longifolia endocarps

doi:10.1093/aob/mcw 100

Germination of species with hard woody indehiscent endocarps
has troubled seed scientists for many years. To understand how
germination is regulated in such species Chia et al. (pp. 331-346)
show that the conditions required for dormancy loss and
germination are effectively revealed through burial trials matched
with environmentally relevant laboratory experiments on a
representative species, Persoonia longifolia, from southern
Western Australia. This approach allowed the authors to identify
the key drivers of dormancy loss through a comprehensive series
of experiments executed over five years which revealed that
warm plus cold stratification is required to break physiological
seed dormancy in P. longifolia.

Sex differences and plasticity in
dehydration tolerance

doi:10.1093/aob/mcw102

Plants have a multitude of strategies for drought survival.
Dehydration tolerance (DhT), is one such strategy that provides
an opportunity to identify key genes, physiological traits, and
ecological factors that could be used to reduce crop and species
loss from drought. Here, Marks et al. (pp. 347-356)
demonstrated that Marchantia inflexa, a tropical liverwort, has
moderate DhT. Interestingly, M. inflexa has the capacity to
acclimate to different environmental moisture levels, suggesting
that DhT is plastic in this species. The authors demonstrate that

males are less DhT than females, which may explain the female
biased sex ratios observed in this and many bryophyte species.

Summer dormancy and seasonal
- growth in California perennial
grasses
doi:10.1093/aob/mcw109

Superior drought survival is expected to result in reduced
productivity and competitive ability, but this expectation has
seldom been tested in herbaceous perennial species. Balachowski
et al. (pp. 357-368) quantified seasonal growth, functional traits,
and drought survival strategies in eight California perennial
grasses. Contrary to common assumptions, they found that
summer dormancy, an adaptation to Mediterranean-type climates,
was associated with greater springtime productivity and more
competitive functional traits. The authors conclude that, because
summer dormancy confers greater functional similarity to exotic
annual species currently invading California grasslands, native
summer dormant taxa may play an increasingly important
ecological role in the future of these ecosystems.

Prey-induced responses in
carnivorous Nepenthes

doi:10.1093/aob/mcw110

Carnivorous plants of the genus Nepenthes catch and digest prey,
mainly arthropods, in their pitcher traps in order to obtain
additional nutrients such as nitrogen and phosphate. The digestive
character of the pitcher fluid is well known; other features of the
fluid are less well understood, in particular the induction and
regulation of its composition. Here, Yilamujiang et al. (pp.
369-375) study the induction of both phytohormones and
digestion-related genes in the pitcher of Nepenthes alata. The
authors demonstrate that insect prey as well as chitin is able to
induce first jasmonate phytohormones which in turn can induce
genes for digestive enzymes such as a protease, nepenthesin, or a
chitinase suggesting a defined signaling pathway.

126

€20z Aieniga4 gz uo Jasn AlsiaAiun [einynouby eulyd yinos Aq /6Ly 2L/VZ/81 L/ejonie/qoe/wod dno-olwapeoe//:sdiy Wwolj papeojumo(]


http://aob.oxfordjournals.org/content/118/2/331.full.pdf+html
http://aob.oxfordjournals.org/content/118/2/347.full.pdf+html
http://aob.oxfordjournals.org/content/118/2/357.full.pdf+html
http://aob.oxfordjournals.org/content/118/2/369.full.pdf+html

Annals of Botany 118: 259-270, 2016

doi:10.1093/aob/mcw104, available online at www.aob.oxfordjournals.org

ANNALS OF
BOTANY

Founded 1887

Specific peroxidases differentiate Brachypodium distachyon accessions and are
associated with drought tolerance traits

Na Luo', Xiaoqing Yu?, Gang Nie?, Jianxiu Liu** and Yiwei Jiang™*

College of Life Sciences, South China Agricultural University, Guangzhou 510642, China, *Department of Agronomy, lowa
State University, Ames IA 50011, USA, *Department of Grassland Science, Sichuan Agricultural University, Chengdu 611130,
China, *Institute of Botany, Jiangsu Province & Chinese Academy of Science, Nanjing 210014, China and >Department of
Agronomy, Purdue University, West Lafayette, IN 47907, USA
*For correspondence. E-mail yjiang@purdue.edu or turfunit@aliyun.com

Received: 14 November 2015 Returned for revision: 8 February 2016 ~ Accepted: 4 April 2016 Published electronically: 20 June 2016

e Background and Aims Brachypodium distachyon (Brachypodium) is a model system for studying cereal, bioen-
ergy, forage and turf grasses. The genetic and evolutionary basis of the adaptation of this wild grass species to
drought stress is largely unknown. Peroxidase (POD) may play a role in plant drought tolerance, but whether the al-
lelic variations of genes encoding the specific POD isoenzymes are associated with plant response to drought stress
is not well understood. The objectives of this study were to examine natural variation of POD isoenzyme patterns,
to identify nucleotide diversity of POD genes and to relate the allelic variation of genes to drought tolerance traits

of diverse Brachypodium accessions.

e Methods Whole-plant drought tolerance and POD activity were examined in contrasting ecotypes. Non-
denaturing PAGE and liquid chromatography—mass spectrometry were performed to detect distinct isozymes of
POD in 34 accessions. Single nucleotide polymorphisms (SNPs) were identified by comparing DNA sequences of
these accessions. Associations of POD genes encoding specific POD isoenzymes with drought tolerance traits were

analysed using TASSEL software.

e Key Results Variations of POD isoenzymes were found among accessions with contrasting drought tolerance,
while the most tolerant and susceptible accessions each had their own unique POD isoenzyme band. Eight POD
genes were identified and a total of 90 SNPs were found among these genes across 34 accessions. After controlling
population structure, significant associations of Bradi3g41340.1 and Bradilg26870.1 with leaf water content or leaf

wilting were identified.

e Conclusions Brachypodium ecotypes have distinct specific POD isozymes. This may contribute to natural varia-
tions of drought tolerance of this species. The role of specific POD genes in differentiating Brachypodium acces-
sions with contrasting drought tolerance could be associated with the general fitness of Brachypodium during

evolution.

Key words: Brachypodium distachyon, drought tolerance, gene and trait association, natural variation, peroxidase,

single nucleotide polymorphism.

INTRODUCTION

Brachypodium distachyon (Brachypodium) is a temperate,
monocot wild grass species and it possesses all the qualities to
make it an excellent model organism (Garvin et al., 2008;
Bevan et al., 2010). It has diploid ecotypes containing five
chromosomes, easily distinguishable chromosomes (2n = 10),
small genome size (approx. 300 Mbp), self-fertility, small phys-
ical status, short life cycle and a simple growth requirement
(Draper et al., 2001). This species is phylogenetically closer to
some economically important food and bioenergy crops than is
rice (Oryza sativa) (Draper et al., 2001), thus providing a pow-
erful tool for studying functional and ecological genomics
aimed at improving grain, forage and bioenergy crops. To date,
genetic and genomic resources for Brachypodium have been de-
veloped, including the entire genomic sequence (Vogel et al.,
2010), a genetic linkage map (Garvin et al., 2010), a high-
efficiency transformation system (Vogel et al., 2006; Pacurar
et al., 2008; Vogel and Hill, 2008), T-DNA mutants (Bragg

et al., 2012; Thole et al., 2012) and genome diversity (Gordon
et al., 2014). All these tools and resources are valuable for ex-
amining the genetic and evolutionary basis of complex traits
such as abiotic stress tolerance.

Antioxidant metabolism plays a role in drought tolerance of
the plants. As one of the reactive oxygen species, hydrogen per-
oxide (H,0,) is a by-product of biological reactions in the plant
cell. Adverse environmental conditions such as drought stress
can promote excess accumulation of H,O,, potentially leading
to oxidative damage to protein, DNA and lipids (Apel and Hirt,
2004). The degree of lipid peroxidation, indicated by the level
of malondialdehyde (MDA) content, often increased under
drought stress in plant species (Zhang and Kirkham, 1996; Jiang
et al., 2010; Xu et al., 2011; Liu and Jiang, 2015). Removal of
H,0, is accomplished by the action of several antioxidant en-
zymes at different cellular locations. Of the antioxidative en-
zymes, peroxidase (POD) catalyses the reduction of H,O, to
water, followed by subsequent oxidation of small molecules
(Smith and Veitch, 1998). Drought stress often induces POD
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activity in many plant species (Jung, 2004; Sofo et al., 2005;
Upadhyaya et al., 2008; Selote and Khanna-Chopra, 2010; Ying
et al., 2015). The tolerant genotype of maize (Zea mays) ex-
hibited lower accumulation of MDA and H,O, content related
to increasing activities of POD and other antioxidant enzymes
under water stress conditions (Moussa and Abdel-Aziz, 2008).
Increases in POD activities were also found at the vegetative
and flowering stages of seven species within the genus Avena
under drought stress, coupled with an increased level of lipid
peroxidation (Pandey et al., 2010). However, POD activity also
remained unchanged in some annual and perennial grass species
exposed to drought stress (Zhang and Kirkham, 1996; Zhang
and Schmidt, 1999; Fu and Huang, 2001; Bian and Jiang, 2009;
Jiang et al., 2010). Although two cultivars of Kentucky blue-
grass (Poa pratensis) did not differ in POD activities under
drought stress, the drought-tolerant cultivar exhibited signifi-
cantly higher POD activities compared with the sensitive one af-
ter rewatering (Xu et al., 2011). The results demonstrated
complex responses of POD to drought stress, influenced by plant
species, cultivar, stress intensity and duration.

In spite of their role in detoxification, PODs have remarkable
catalytic versatility involved in a broad range of physiological
and developmental processes, including initiation of seed ger-
mination (Morohashi, 2002), cellular growth and cell wall loos-
ening (Cosgrove, 2001), cell wall cross-linking (Passardi et al.,
2004b), lignification and suberization (Lopez-Serrano et al.,
2004), differentiation (Kim et al., 2004), senescence (Ranieri
et al., 2000) and plant—pathogen and plant—insect interactions
(Delannoy et al., 2003; Gulsen et al., 2010a). Existing as isoen-
zymes in plant species, the class III plant POD is a haem-
containing glycoprotein encoded by a large number of super-
family genes in land plants (Welinder, 19924, b; Hiraga et al.,
2001). For example, the Arabidopsis genome contains 73 genes
encoding POD (Tognolli er al., 2002), while rice has 138
(Passardi et al., 2004a). The homology between paralogues in a
plant ranges from 30 to 100 %, but very close orthologues exist
even between evolutionarily distant plants (Bakalovic e al.,
2006). More recently, Wang et al. (2015) identified 119 non-
redundant POD genes in maize, which were divided into 18
groups based on their phylogenetic relationships. Although
plant PODs are a family of related proteins possessing highly
conserved domains, grasses contain some unique POD clusters
not seen in dicot plants, represented by Arabidopsis (Duroux
and Welinder, 2003). By using POD gene polymorphism, geno-
typic diversity has been examined among Cynodon accessions
(Gulsen et al., 2009), apple (Malus domestica) germplasm
(Gulsen et al., 2010b), and Buffalograss (Bouteloua dacty-
loides) and other perennial grass species (Gulsen et al., 2007).
Peroxidase profiling also reveals genetic linkage between POD
gene clusters and basal host and non-host resistance to rusts and
mildew in barley (Hordeum vulgare) (Gonzalez et al., 2010).
These results demonstrate that the POD gene family can be
used to study genotypic diversity and evolutionary relationships
on an intra- and inter-specific basis. Senescence- and drought-
related changes in two POD isoforms in leaves of Ramonda
serbica have been observed (Veljovic-Jovanovic et al., 2006).
Although research results have revealed the functional diversity
of PODs, the role of a specific POD isoenzyme in drought toler-
ance is not clearly determined, especially at the population level
for a grass species.

Natural populations are often collected from a wide range of
geographical locations that have enormous diversity, which can
maximize the potential of populations to withstand and adapt to
biotic and abiotic environmental changes (Jump et al., 2009).
Natural Brachypodium accessions broadly group into winter
and spring annuals, and this may impact plant responses to en-
vironments. Luo et al. (2011) found that 57 Brachypodium nat-
ural accessions varied considerably in whole-plant responses to
drought stress and they were classified into most tolerant, mod-
erately tolerant, susceptible and most susceptible groups.
Comparative analysis of the cold acclimation and freezing tol-
erance capacities of seven diploid Brachypodium accessions re-
vealed only a limited capacity to develop freezing tolerance
when compared with winter varieties of temperate cereals such
as wheat (Triticum aestivum) and barley (Colton-Gagnon et al.,
2014). In addition to stress tolerance, Schwartz et al. (2010) re-
ported that VRN (vernalization regulator) and a portion of the
phenotypic variation of flowering time and vernalization was
associated with changes in expression of orthologues of VRN
genes in Brachypodium accessions. Variation of phenotypic
traits such as plant height, growth habit, stem density, flowering
time, seed weight and cell wall composition were also observed
among inbred lines (Tyler ef al., 2014). Natural populations of
Brachypodium exhibit distant genetic distance patterns (Vogel
et al., 2009); however, the mechanisms of environmental
adaptation during evolution are not well understood in
Brachypodium. For example, it is not well understood whether
some candidate genes encoding POD contribute to variable
drought responses of natural accessions.

Although it can be challenging to determine the functions of
a large number of isoenzymes in a single plant species, accumu-
lation of information on individual genes should lead to a better
understanding of the role of POD in natural variation of stress
tolerance and related physiological processes. It is important to
know whether allelic variation of genes encoding the specific
isoenzymes is associated with plant response to stressful envi-
ronments. For example, PODs appear to be associated with
plant disease resistance based on the presence or absence of iso-
zymes in resistant vs. susceptible varieties. Despite these asso-
ciations, there is no evidence that the allelic variation of POD
directly determines the level of disease resistance (Gonzalez
et al., 2010). Therefore, the objectives of this study were to ex-
amine natural variation of the POD isoenzyme, to identify nu-
cleotide diversity of POD genes and to relate the allelic
variation of genes to traits of diverse Brachypodium accessions.
Knowledge obtained about Brachypodium natural variation of
PODs increases our understanding of stress resistance among
grass species or ecotypes within a species that have evolved in
different geographic and adaptive conditions.

MATERIALS AND METHODS
Plant materials and growing conditions

For examining drought tolerance and isoenzymes, drought-
tolerant (T-9) and intolerant (B2C) accessions of
Brachypodium were propagated with the tillers in plastic pots
containing a sandy-loam soil with a pH of 6-9 in a greenhouse
at Purdue University, West Lafayette, IN, USA. Each pot had
the same volume of soil and number of plants. Seedlings were
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grown in a greenhouse with a 12 h photoperiod at average tem-
peratures of 23/20 °C (day/night). The average intensity of pho-
tos;/nthetically active radiation (PAR) was approx. 415 pmol
m~~ s during the experiment. Plants were watered every 2 d
and fertilized once a week with a soluble fertilizer (N-P>Os-
K50, 24-8-16) (Scotts Inc., Marysville, OH, USA) and micro-
nutrients at the rate of approx. 0-25 g nitrogen L™". No nutrient
deficiency symptoms were observed for any of the plants. The
selection of these two accessions was based on our previous
study of whole-plant drought response of Brachypodium (Luo
et al., 2011). Subsequently, 34 accessions were selected for de-
tecting POD isoenzyme pattern, population structure, and gene
and trait association (Table 1), based on maximization of the
geographic and genetic diversity available in these materials
(Vogel et al., 2009) as well as phenotypic variation in drought
responses (Luo et al., 2011). With the exception of B21, B3-1
and B2-3 from Iraq, all accessions were from Turkey, which
lies in the centre of the natural range of Brachypodium and con-
tains all of the environments Brachypodium inhabits, including
co astal regions, hot interior deserts and cold northern highlands
(Vogel et al, 2009). Growth conditions of the 34
Brachypodium accessions were the same as the conditions for
growing T-9 and B2C described above.

Drought treatment

All pots of T-9 and B2C were kept well watered until
drought stress was initiated. Drought stresses started on 6 April
2010 after grasses were grown for 21 d from tiller propagation
on 16 March 2010. Drought stress was imposed by withholding
water from the grasses until permanent wilting (the leaves were
no longer rehydrated at night and in the morning) occurred to
the plants, especially for the intolerant plants. Drought stress
ended on 12 April 2010, at 7 d after stress was initiated. Leaves

TaBLE 1. Experiment identification (ID) and drought tolerance
(DT) of Brachypodium distachyon accessions used in this study

ID Abbreviation Accession* DT’ ID Abbreviation Accession DT
34 T-9 Tek-9 T 19 B30-1 Bd30-1 S
31 T-10 Tek-10 T 17 B2K BdTR2K S
4 Bl1-1 Bdl-1 T 16 B2D BdTR2D S
27 G-5 Gaz-5 M 26 BI9K BATR9K S
8 BI13A BATRI3A M 22 B7B BATR7B S
9 BI13E BATRI3E M 5 B10C BATRIOC S
1 A-10 Adi-10 M 10 B13M BATRI3M S
2 A-14 Adi-14 M 13 B21 Bd21 S
3 A-2 Adi-2 M 28 Kh-1 Kah-1 S
32 T-2 Tek-2 M 29 Kh-3 Kah-3 S
33 T-7 Tek-7 M 30 Koz-4 Koz-4 S
77 B11C BdTRIIC M 15 B2C BdTR2C  MS
6 B11A BATRIIA M 14 B2B BdTR2B  MS
24 B8I BdTRBSI M 25 BY9B BAdTR9B  MS
23 B8C BdTR8C M 18 B3-1 Bd3-1 MS
21 B3R BdTR3R M 12 B2-3 Bd2-3 MS
20 B3J BdTR3J M 11 B18-1 Bd18-1 MS

*B21, B3-1 and B2-3 are from Iraq; all other accessions are from Turkey
(Vogel et al., 2009).

T, M, S and MS indicate the most tolerant, moderately tolerant, susceptible
and most susceptible accessions, respectively.

Results were based on a study by Luo et al. (2011).
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and roots were harvested at the end of drought treatment and
kept frozen (—80 °C) for further analysis.

The experiment was a randomized complete block design
with four replicates. The well-watered and drought-stressed
grass pots were arranged randomly within a block. Data were
analysed for the significance of the treatments for a given mea-
surement using Statistical Analysis System (version 9.1; SAS
Institute, Cary, NC, USA). The means of the treatments were
separated using the Least Significant Difference (LSD) at a
0-05 significant level.

Whole-plant measurements

Leaf wilting was visually rated on a scale of 0 (no observable
wilting) to 3 (severely wilted or almost dead) (Luo et al., 2011).
Leaf photochemical efficiency was determined by measuring
chlorophyll fluorescence (F\/F,,) in the dark on randomly se-
lected leaves in each pot using a fluorescence meter (OS-30P,
OPTI-Sciences, Hudson, NH, USA). At the end of drought
stress (7 d), approx. 3 g of leaf and 5 g of soil were collected,
and leaf water content (LWC) and soil water content (SWC)
were measured according to the equation: WC = (f. wt — d. wt)/
f. wt x 100, where f. wt is fresh weight and d. wt is dry weight
for leaf or soil samples, respectively.

Assay of hydrogen peroxide and malondialdehyde

The H,O, content was determined according to the method
of Bernt and Bergmeyer (1974) with some modifications. A
0-1g powder sample of leaf or root was homogenized in
0-4mL of 100 mm sodium phosphate buffer (pH 6-8), and ex-
tracts were then centrifuged at 16 000 g for 15min at 4°C. A
0-17mL aliquot of supernatant was added to 0-83 mL of peroxi-
dase reagent containing 83 mm sodium phosphate (pH 7-0),
0-005 % (w/v) o-dianisidine and 40 pg peroxidase mL™". The
mixture was incubated at 30 °C for 10 min, and 0-17mL of 1 N
perchloric acid was added to stop the reaction. The absorbance
was read at 436 nm. The H,O, concentration was calculated by
using a standard curve with known concentration.

Malondialdehyde has been widely used as a convenient bio-
marker for lipid peroxidation of omega-3 and omega-6 fatty acids
because of its facile reaction with thiobarbituric acid (TBA)
(Esterbauer and Cheeseman, 1990; Ayala et al., 2014). The con-
centration of MDA was determined to assess the degree of lipid
peroxidation using the method of Dhindsa ef al. (1981) with mi-
nor modification. An 80 mg leaf or root sample was homogenized
in 1-2mL of 1 % trichloroacetic acid. The mixture was centri-
fuged at 10 000 g for 10min. A 0-5mL aliquot of supernatant
was added to 2 mL of reaction solution (20 % trichloroacetic acid
containing 0-5 % TBA). The mixture was heated at 95°C for
30 min, quickly cooled in an ice bath, and then centrifuged at 10
000 g for 10 min. The absorbance was read at 532 and 600 nm.

POD activity and isoenzyme detection

For leaf enzyme extraction, 0-1 g of ground powder sample
was homogenized with 1-2 mL of extraction buffer [SO mm po-
tassium phosphate, 1 mm EDTA, 1 % polyvinylpyrrolidone
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(PVP), pH 7-8). For root enzyme extraction, 0-12 g of powder
sample was homogenized with 0-72mL of the same extraction
buffer. The mixtures were centrifuged at 15 000 g for 25 min at
4°C and the supernatant was collected. Protein content was de-
termined according to Bradford (1976). POD activity was deter-
mined by following changes in absorbance at 470 nm (Bian and
Jiang, 2009). Details of the methods were described by Zhang
and Kirkham (1996).

Electrophoretic separation of isoenzymes was performed us-
ing non-denaturing PAGE described by Laemmli (1970), ex-
cept that SDS was omitted; 8 % stacking and 3 % resolving
polyacrylamide gels were used with running buffer at pH 8.5.
Equal amounts of protein (30 png) for the leaf samples were
loaded. Native gels were stained for POD activity according to
the method of Srivastava and Van Huystee (1977) with some
modifications. Briefly, gels were soaked in 100 mm potassium
phosphate buffer (pH 6-5) for 15min and then stained in 12-5
mM guaiacol containing 12 mm H,0,.

Protein identification by mass spectrometry

Two mass spectroscopy techniques, matrix-assisted laser
desorption (MALDI) (Baumgarner et al., 2013) and liquid
chromatography-electrospray ionization (ESI) tandem mass
spectrometry (LC-ESI-MS/MS) (Park et al., 2012), were used
for protein identification. Briefly, distinct isoenzymes of POD
from the selected drought-tolerant and susceptible accessions
were recovered from a native PAGE gel. The bands were ex-
cised from the gel and processed in the Purdue University
Proteomics core facility in the Bindley Biosciences Center for
in-gel digestion (Jiménez er al., 1998) and then analysed by
MADLI and LC-ESI-MS/MS analysis. The digested peptide so-
lution was spotted on the plate, and peptide identification was
performed using MALDI time-of-flight/time-of-flight (TOF/
TOF) on an AB 4800 Plus Analyzer (Applied Biosystems)
(Baumgarner et al., 2013). MALDI data were analysed using
GPS Explorer™ Software (Applied Biosystems). Searches
were performed using MS and MS/MS data against databases
for Brachypodium, rice, Arabidopsis and green plants from the
National Center for Biotechnology Information (NCBI). In ad-
dition, the digested peptides were extracted and separated in a
nano-HPLC system (Agilent 110, Agilent Technologies, San
Jose, CA, USA), coupled with an ESI hybrid linear ion trap
quadrupole Orbitrap mass spectrometer (ESI-LTQ-Orbitrap
XL) (Park et al., 2012). Peptides were separated with a C18 re-
versed phase ZORBAX 300SB-C18 analytical column
(150mm x 75 pm, 3-5pum) from Agilent. The peptides were
eluted from the column with a linear gradient of 5-40 % buffer
B (acetonitrile/0-1 % formic acid) in buffer A (water/0-1 % for-
mic acid) over 35min at a rate of 0-3 uL min~' followed by a
gradient of 40-95 % B for 40—55 min. The column was equili-
brated with 5 % buffer B (acetonitrile/0-1 % formic acid) for
55-70min. The MS spectra were acquired in positive mode in
a range from 300 to 2000. The MS/MS spectra were acquired
in a data-dependent acquisition mode in which the full MS scan
(resolution 30 000) was followed by four MS/MS scans for the
most abundant molecular ions and fragmented by collision-
induced dissociation (CID) using a normalized collision energy
of 35 %. Peptide data (MS/MS) information from LTQ-Orbitap

were analysed using the AB 4800 Plus/Protein Pilot software
(Applied Biosystems) against the SwissProt database. Peptides
with similarity values >95 % were considered toward identifi-
cation of a given protein, with a minimum of two peptides re-
quired for positive identification.

DNA extraction and sequencing

Primers were designed to amplify genomic fragments for
each gene (Table 3). Genomic DNA of the 34 accessions was
extracted using a modified hexadecyltrimethylammonium bro-
mide protocol (Doyle and Doyle, 1990) and purified using a
PureLink™ Quick Gel Extraction Kit (Invitrogen, Carlsbad,
CA, USA). PCR amplification of the gene fragment was con-
ducted with one cycle at 95 °C for 4 min, followed by 35 cycles
of 95°C for 30s, 53 °C for 30s, 72°C for 60s, and a final ex-
tension step at 72 °C for 5 min. Bands of the expected size were
cut from the gel and recovered using a ZR-96 Zymoclean™™
Gel DNA Recovery Kit (Zymo Research Corporation, Irvine,
CA, USA). The recovered DNA was used for sequencing PCRs
with a BigDye Terminator kit with one cycle at 96°C for
1 min, followed by 35 cycles of 96 °C for 10s, 50 °C for 5s and
60 °C for 4 min. After the clean up with ethanol/sodium acetate
solution, the purified DNA was sequenced on an ABI 3730XL
sequencer (Applied Biosystems Inc., Foster City, CA, USA) at
the Genomics Core Facility at Purdue University.

Nucleotide diversity (n) and linkage disequilibrium (LD)

DNA sequence data from 29-34 accessions were aligned by
DNASTAR (DNASTAR, Inc., Madison, WI, USA), depending
on the quality of sequencing results for the individual genes
(Table 4). m, LD and neutrality tests were estimated using
DnaSP5.0 (Rozas and Rozas, 1999). The nucleotide level was
assayed by nucleotide polymorphism (0) (Watterson, 1975) and
7 (Nei, 1987). Values from Tajima’s D test were separated by
the standard deviation of 7 and 0,, and reflected the differences
between the number of singletons and total number of muta-
tions (Tajima, 1989). Decay of LD with distance in base pairs
between sites within the same gene was evaluated by non-linear
regression. The LD descriptive statistic 7> (Hill and Robertson,
1968) was calculated using TASSEL software (Bradbury et al.,
2007). Neighbor—Joining trees were created based on haplotype
sequences for each candidate gene using nucleotide number of
differences as a distance measure and were calculated with
TASSEL software.

TaBLE 2. Effects of 7 d drought stress on soil moisture content
(SWC), leaf water content (LWC) and chlorophyll fluorescence
(F,/F,,) of Brachypodium distachyon

Accession  Treatment SWC (%) LWC (%) Fy/F

T-9 Control 19-5 = 0-62a* 773 £0-45a  0-81 = 0-002a
Drought 55+ 0-34b 59-3 = 4.46b  0-81 = 0-003a

B2C Control 187 = 1-0la 76:0 = 0-33a 0-82 = 0-005a
Drought 4.4 = 0-19b 462 £892b 078 = 0-017b

Values are mean * s.d.
*Means followed by the same letter within a column for a given line were
not significantly different at P < 0-05.
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Association analysis of single nucleotide polymorphisms
(SNPs) with traits

The population structure was assessed using 46 simple se-
quence repeats (SSRs) (Vogel et al., 2009) by STRUCTURE
software (Pritchard et al., 2000); the detailed procedure was de-
scribed previously (Yu ez al., 2013). Individual SNPs with each
trait were tested with the simple linear model and population
structure implemented model using TASSEL software
(Bradbury et al., 2007). SNP markers with minor allele fre-
quency <5 % were filtered from the association analysis. The
SNPs that passed P < 0-05 were deemed significant.

Gene expression

Real-time quantitative reverse transcription—-PCR (qRT-
PCR) was conducted to examine gene expression in the con-
trol and drought-stressed leaf samples of T-9 and B2C.
Briefly, total RNA was isolated with a Direct-zol™ RNA
MiniPrep Kit (Zymo Research Corporation) and then used
for reverse transcription with an iScript'™ cDNA Synthesis
Kit (Bio-Rad, Hercules, CA, USA). Reaction mixtures were
incubated for Smin at 25°C, 30min at 42 °C and 5min at
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85°C. qRT-PCR was performed with a CFX96 Touch™
Real-Time PCR Detection System using an iTaq'™
Universal SYBR® Green Kit (Bio-Rad), with reaction for
3 min at 95 °C followed by 40 amplification cycles of 10s at
95°C and 1 min at 60 °C. Primers for amplification were as
follows: for Bradi3g41340.1, Forward 5'-GCAGCAACCTG
GAGAAGAT-3 and reverse 5-GGCAGTCGTGGAAGAA
GAG-3'; for Bradilg26870.1, Forward 5'-TCTTCGGTTCT
CTCCTTCCT-3 and reverse 5-ATCGCAGGCTTCCT
TGTT-3'. The transcript level of S-adenosylmethionine de-
carboxylase (SamDC) was used as a housekeeping gene
(Hong et al., 2008). The method of 22T (Livak and
Schmittgen, 2001) was used to calculate the expression level
under drought-stressed conditions relative to that under con-
trol conditions. The analysis included three biological repli-
cates (three pots) and three technical replicates for each
accession under control and drought stress conditions.

RESULTS
Whole-plant response to drought stress

The SWC dropped from 19-5 to 5-5 % for T-9 and from 18-7 to
4-4 9% for B2C under drought stress (Table 2). The reductions in

TABLE 3. Primers for gene amplification in Brachypodium distachyon

Gene Forward primer

Reverse primer

Bradil g41900.1
Bradi2g04490.1
Bradi3g41340.1

Bradil g63060.1

Bradil g26870.1

Bradi4g32800.1
Bradi5g00690.1
Bradil g65820.2

5'-CATCCGCATCTTCTTCCACGA-3'
5'-ACTGTCCTGATGCCGAGGATA-3'
5'-AGGAGATCAAGGCCAAGCTCAA-3
5-TGTTTCCTTCCCTTTTTTCTC-3
5'-ACGAGATTAGTTAAAGCCAAGG-3
5'-AGCTGAGCTGGAACCATCAA-3
5'-TGTCCCTCAACTATTGGCATC-3'
5'-AAGTAGAACATGCCTCCTCGAT-3'
5'-TCGCGAATCCATTTCTCCGA-3'
5'-GTGCCCTACTGGTCGCTCAA-3
5'-TCCAGTTCCATGACTGCTTCGT-3
5'-AAATCGCCATTGGCCCGTAT-3'
5'-TTTACCTCCCAGTAGCAGCCAT-3

5'-TTGACCATCCGGCAATTCCT-3'

5" TTGAAGAAGCTCGCGTCGAA-3'
5'-TACACGATCGAGAACCGATGGA-3
5'-GCTTGGACAGACAGTCGATTA-3'
5'-GTTCACGCTCCCCTCATCC-3
5'-CAGTCGCAAATGCTCCACAA-3
5'-TTCTCAAAACCCTGGTGCTG-3'
5'-GGTAGGGTGAGGTCCACAAAAA-3
5'-AAACACCTCCCGTGCATTGT-3'
5'-GGAGCGAAGTAGCACGCAGTA-3'
5'-AAGGCATTCTGGTCCTTGCT-3'
5'-TACTGGTTGTCGAACCGGAACT-3
5'-TTCCAAGAGCAACCAACCCA-3

TABLE 4. Gene length, sequence length, single nucleotide polymorphism (SNP) and SNP frequency in the whole length and coding re-
gion of peroxidase genes

Gene n Whole CDS for Sequencing CDS for Sequencing Coding SNP Whole SNP Coding SNP
length (bp) gene (bp) length (bp) sequencing (bp) SNP number number frequency frequency
Bradil g41900.1 34 1332 1122 804 737 8 5 101 147
Bradi2g04490.1 29 1608 981 1060 557 14 12 76 46
Bradi3g41340.1 33 2911 1008 1184 151 3 0 395 -
Bradil g63060.1 32 3176 966 1782 424 12 5 149 85
Bradil g26870.1 34 1449 1047 1271 1032 9 7 141 147
Bradi4g32800.1 30 1483 1044 841 624 18 10 47 62
Bradi5g00690.1 33 1365 693 670 373 8 5 84 75
Bradilg65820.2 34 3166 753 1566 395 18 0 87 -
Mean 32 2061 952 1147 537 11 6 135 94

n, the number of accessions for which a certain gene could be sequenced; whole length, the genome sequence of the gene; CDS for gene, the coding region of
a gene; sequencing length, the entire sequenced length for a gene in this study; CDS for sequencing, the sequenced length for the coding region in this study; se-
quencing SNP number, number of SNPd discovered in the entire sequenced length; coding SNP number, number of SNP discovered in the sequenced length for
the coding region; whole SNP frequency, calculated by the entire sequenced length/SNP, stands for the average SNP per bp length; coding SNP frequency, the
sequenced length for the coding region/SNP, stands for the average SNP per bp length.
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SWC under drought stress was >70 % for both accessions, com-
pared with their respective controls. The LWC was significantly
reduced from 77-3 to 59-3 % for T-9 and from 76-0 to 46-2 %
for B2C after 7 d of drought stress. Drought stress did not change
chlorophyll fluorescence (F,/Fy,) for T-9, but significantly de-
creased F/F, for B2C, compared with the control (Table 2).

The production of H,O, and MDA

Leaf H,O, concentrations were increased by 1-8-fold for T-9
and 2-5-fold for B2C but remained unchanged in the roots for
both accessions under drought stress (Fig. 1). The MDA con-
centrations were increased by 2-8- and 3-5-fold in the leaves for
T-9 and B2C, respectively, compared with their controls; but
remained unchanged in the roots for both accessions under
drought stress (Fig. 1).

Enzyme activity and isoenzyme stain

Compared with the control, drought stress increased leaf
POD activities by 2-0-fold for T-9 and 1-6-fold for B2C, but
did not affect root POD activities in both accessions (Fig. 1).
Based on the non-denaturing PAGE protein gel, drought stress
did not induce new anionic POD isoenzymes (pH 8:5) in either

Leaf Root

H,0, (umol g~ f-wt)

— Control
60 | mm Drought a a 14

MDA (nmol g~" f-wt)
w
o
T
Q
1
nN

POD (umol min~" mg™" protein)

@
o
S

T-9 B2C T-9 B2C

FiG. 1. Effects of 7 d drought stress on the concentration of hydrogen peroxide

(H,0,) and malondialdehyde (MDA) and activities of peroxidase (POD) in the

leaves and roots of Brachypodium distachyon. Means followed by the same let-

ter within the leaves or roots for a given line are not significantly different at
P < 0-05. Vertical bars show = s.d. T-9, Tek-9; B2C, BdTR2C.

the tolerant accession T-9 or the susceptible B2C (Fig. 2). Both
T-9 and B2C had their one own unique isoenzyme not shown
in the other. Across the other 32 accessions, the drought-
tolerant accessions T-2, T-7, T-10, Bd1-1, B8C and B&I had the
same POD isoenzyme patterns as T-9, while the drought-
susceptible accessions such as BD18-1, B2B, B9B and B7B
had similar isoenzyme patterns to B2C (Fig. 3). Two cationic
POD isoenzymes (pH 4-5) were also detected, but the patterns
were the same among accessions (data not shown).

Protein and SNP identification

Protein sequences revealed that isoenzyme 1 in T-9 contained

four different proteins (Bradilg41900.1, Bradi2g04490.1,
Bradi3g41340.1 and Bradilg63060.1), while isoenzyme 2 in B2C
also contained four different proteins (Bradilg26870.1,
Bradi4g32800.1,  Bradi5g00690.1 and  Bradi5g65820.2)

T-9 B2C

C D C D
1 ->H= Ld
-

Fic. 2. Electrozymogram showing the peroxidase profile of protein extracts

from leaves of Brachypodium distachyon under well-watered control (C) and

drought stress (D) conditions. Arrows indicate unique bands shown in the

drought-tolerant T-9 (isoenzyme 1) and susceptible B2C (isoenzyme 2) acces-
sions. T-9, Tek-9; B2C, BdTR2C.

— €2

79 B2C Kh-1 B11A B13M B13A B3R B10C
-
H —

T9 B2C Bd21 B8 B8C T2 T7 B18-1 Koz-4

—

—
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jos— — f—

T9 B2C Bi1-1 B2-3 B3-1 T-10 Bo9B B7B B2B

Fic. 3. The total activity stain for peroxidase in the leaves of Brachypodium dis-
tachyon under well-watered conditions for accessions used in the study.
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(Supplementary Data Tables S1 and S2). Genes of Bradil g41900.
1, Bradi2g04490.1, Bradi5g41340.1, Bradilg26870.1,
Bradi4g32800.1 and Bradig00690.1 were identified through
MALDI-TOF/TOF, while genes of Bradi63060.1 and
Bradi6o5820.2 were identified by LTQ-Orbitrap (Tables S1 and
S2). The genes encoding these proteins were identified and par-
tially sequenced in genotypes with contrasting drought tolerance
(Table 4). The total length of the sequences ranged from 670 to
1782 bp among eight genes, with a mean of 1147 bp, and covered
approx. 41-88 % of the whole length of the genes (Table 4). The
sequences of coding regions ranged from 151 to 1032 bp among
the eight genes, with a mean of 546 bp. A total of 90 SNPs were
detected in the eight POD genes, ranging from three
(Bradi3g41340.1) to 18 SNPs (Bradi4g32800.1 and
Bradi5g65820.2). The coding regions consisted of 44 SNPs rang-
ing from O (Bradi3g41340.1 and Bradi5g65820.2) to 12
(Bradi2g04490.1). Across all the genes, the average SNP fre-
quency was 1/135bp, ranging from one SNP per 46bp
(Bradi4g32800.1) to one SNP per 395bp (Bradi3g41340.1).
The coding regions had an average SNP frequency of 1/94bp
(Table 4).

7 and LD

Across eight genes, the values of m ranged from 0-00
(Bradi3g41340.1 and  Bradi5g65820.2) to  0-0077
(Bradi4¢32800.1) and Watterson’s 0,, ranged from 0-00
(Bradi3g41340.1  and  Bradi5g65820.2) to  0-0061
(Bradi4g04490.1), with a mean value of 0-0028 for 7 and
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0-0019 for 0Oy, respectively (Table 5). The n values spanned
from 0-00 (Bradi3g41340.1) to 0-0055 (Bradi5g00690.1) of
synonymous areas with an average of 0-0019, and ranged from
0-0011 (Bradil g26870.1) to 0-0095 (Bradi3g041340.1) of non-
synonymous areas with an average of 0-0042 (Table 5). The av-
erage m synonymous/non-synonymous ratio was 0-81 (Table 5).
The haplotype number varied from four (Bradi3g41340.1) to
16, with an average of 9-1 across genes. Haplotype diversity
ranged from 0-51 (Bradilg41900.1) to 0-91 (Bradi4g32800.1),
with a mean value of 0-65. Through the neutrality test, positive
Tajima’s D values were shown in Bradi3g41340.1,
Bradi4g32800.1, Bradi5g00690.1 and Bradi5g65820.2, while
negative Tajima’s D values were found in Bradil g41900.1,
Bradi2g04490.1, Bradi3g63060.1 and Bradil g26870.1.

Population structure and LD

Two genetic population structures (G1 and G2) were found
in 33 genotypes assessed by 46 SSR markers (B30-1 was not
included due to missing SSR information) (Fig. 4). The sub-
groups were identified based on likelihood plots of the models,
stability of grouping patterns across different runs, and germ-
plasm information (Vogel et al., 2009; Yu et al., 2013). G1 con-
sisted of T-9, T-10, B1-1, T-2, T-7, B8I, B8C and B7B
accessions with better drought tolerance, except for B7B, while
G2 contained other accessions varying in drought tolerance but
including the most susceptible materials. Based on our previous
trait data in these accessions (Luo ez al., 2011), G1 had an aver-
age value of 0-78, 56-3 and 30-6 % for leaf wilting, percentage

TABLE 5. Nucleotide diversity, haplotype and neutrality test of peroxidase genes in Brachypodium distachyon

Gene n 0y Tloyn Thon-syn Tlsyn/non syn H Hd = s.d. Neutral test Tajima’s D
Bradil g41900.1 0-0003 0-0011 0-0009 0-0025 0-366 6 0-51 = 0-089 -0-529 -0-603
Bradi2g04490.1 0-0031 0-0061 0-0011 0-0022 0-498 15 0-82 = 0-074 —1-847 —1-564
Bradi3zg41340.1 0-0000 0-0000 0-0000 0-0095 0-000 4 0-49 = 0-091 1-060 0-856
Bradil g63060.1 0-0026 NA 0-0032 0-0014 2:331 9 0-61 = 0-097 0-041 -2-139
Bradil g26870.1 0-0015 0-0025 0-0012 0-0011 1-055 7 0-52 + 0-093 -2-197 -1.057
Bradi4g32800.1 0-0077 NA 0-0030 0-0086 0-352 16 091 = 0-037 1363 0-250
Bradi5g00690.1 0-0073 NA 0-0055 0-0029 1-884 7 0-68 = 0-059 0-380 1-009
Bradilg65820.2 0-0000 0-0000 0-0002 0-0053 0-0398 9 0-68 = 0-075 1-066 1-522
Mean 0-0028 0-0019 0-0019 0-0042 0-812 9-1 0-65 = 0-077 —0-083 -2-156

7 and 0, nucleotide diversity; Tgyn and Tnon-syn, Synonymous and non-synonymous nucleotide diversity, respectively; H, number of haplotypes; Hd, haplotype

diversity; NA, not available.
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FiG. 4. Hierarchical organization of genetic relatedness of 33 Brachypodium genotypes. Numbers on the x-axis represent each individual accession. Numbers on the
y-axis indicate the membership coefficient for each individual accession. The colour of the bar indicates the two groups identified through the STRUCTURE pro-
gram (Gl1, red; G2, green).
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reduction of LWC (R-LWC) and F/F, (R-F/F ), which was
lower than 1-3, 76-7 and 56-7 % for leaf wilting, R-LWC and
R-F/F,, observed in G2, respectively.

Linkage disequilibrium estimates 7> plotted against pairwise
distances between SNPs. Across genes, slow LD decay was
found in Brachypodium (Fig. 5). Overall, LD decay extended
to > 1-2kb with an 7* higher than 0-6. Similarly, LD decay of
combined Bradilg41900.1, Bradi2g04490.1, Bradi3g41340.1
and Bradi3g63060.1 extended to 1-2kb with an 2 of 0-6, while
Bradil g26870.1, Bradi4g32800.1, Bradi5g00690.1  and
Bradi5g65820.2 expressed LD decay exceeding the distance of
1-2kb with an 72 higher than 0-6 (data not shown).

Association of genes with traits

After controlling population structure, significant associa-
tions of Bradisg41340.1 and Bradil g26870.1 with traits were
identified (Table 6). Specifically, SNPs at loci 1087 and 1584
from Bradi3g41340.1 were associated with R-LWC, with nu-
cleotide changes of A/T and GT. Similarly, SNPs at loci 617,
708, 806, 1164 and 1181 from Bradil g26870.1 were associated
with R-LWC, with nucleotide changes of A/T, C/T, A/G, C/T
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08 :,'.. .,.'... : . . .:.

08 T
s cee e
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0.-.' ”n-. LI L) .. L )
0 500 1000 1500
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Fig. 5. Pattern of linkage disequilibrium (LD) in eight POD genes in
Brachypodium distachyon. The r* values for pairwise LD are plotted against
physical distance.

TABLE 6. Association of peroxidase genes with traits and nucleo-
tide changes in Brachypodium distachyon

Gene Trait Locus Nucleotide change

Bradi3g41340.1 R-LWC 1087 A/G
R-LWC 1574 G/T

Bradil g26870.1 R-LWC 617 A/G
R-LWC 708 C/T
R-LWC 806 A/G
R-LWC 1164 C/T
R-LWC 1181 G/T
Wilting 1164 C/T

Wilting, leaf wilting under drought; R-LWC, percentage reduction of leaf
water content under drought compared with the control.
Leaf wilting and LWC data were based on a study by Luo et al. (2011).

and G/T. One SNP at locus 1164 from Bradilg26870.1 was
also associated with leaf wilting. Compared with using the sim-
ple linear model, this was an elimination of approx. 87 % sig-
nificant associations by wusing the population structure
implemented model (data not shown).

Gene expression

The expression of two significant genes of Bradi3g41340.1
and Bradilg26870.1 was analysed in the leaves of both acces-
sions under the non-stress and drought conditions (Fig. 6).
Relative to their unstressed control, drought stress significantly
increased expression levels of Bradi3g41340.1 and
Bradil g26870.1 in both accessions. Specifically, expression of
Bradi3g41340.1 was significantly increased by 4-8-fold for T-9
and 3-1-fold for B2C. For Bradil g26870.1, expression was in-
creased by 5-6-fold for T-9 and 4-7-fold for B2C (Fig. 6)
However, differences in fold change were not significant be-
tween T-9 and B2C. In addition, by using a reference gene as a
control, the absolute expression levels of both genes were not
significantly different between the two accessions under the un-
stressed control and drought stress (data not shown).

Phylogenetic tree

The Neighbor—Joining tree revealed certain relationships
among the accessions based on sequences of eight genes.
Drought-tolerant accessions such as T-2, T-9, T-7, T-10, B1-1,
B8I and BSC were close to each other according to sequences
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FiG. 6. Effects of 7 d of drought stress on gene expression by using real-time

quantitative reverse transcription—PCR in the control and drought-stressed leaf

samples of T-9 and B2C. T-9, Tek-9; B2C, BATR2C. Data were normalized in
comparison with the control. *, significant at P < 0-05.
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of Bradi3g41340.1. The results were generally consistent with
grouping revealed by population structure using SSR markers
(Fig. 7). By using sequences of Bradil g26870.1, grouping was
somewhat different from the results from Bradi3g41340.1.

DISCUSSION

Lesser reductions in LWC and F,/F, found in T-9 compared
with B2C exposed to 7 d of drought stress indicated that T-9
was more drought tolerant than B2C. The results were consis-
tent with a study in Brachypodium by Luo et al. (2011) who
supported that more reductions in LWC and F/F,, were ob-
served in B2C. Drought treatment was less severe in this exper-
iment compared with that described by Luo et al. (2011). This
could be the main reason for the relatively small decreases in
LWC, and particularly F,/F,, in the present study when com-
pared with previous results. However, the trends in drought re-
sponses of the two accessions were similar between the two
studies. A more drought-tolerant perennial ryegrass (Lolium
perenne) also showed higher LWC and F,/F,, in the field (Yu
et al., 2013), suggesting that drought-tolerant grass plants main-
tain adequate water status and physiological activity.

Moreover, the drought-tolerant T-9 also showed more in-
creased POD activities and lower H,O, and MDA concentra-
tions, relative to the control. Similar results of increased POD
activity were found in the drought-tolerant maize (Moussa and
Abdel-Aziz, 2008). However, POD activity also remained
unchanged in some grass species under drought stress (Zhang

Bradi3g41340.1

B30-1

i
N N ©

0-1 Expected substitutions per site
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and Kirkham, 1996; Bian and Jiang, 2009; Jiang et al., 2010).
Changes in POD activity under drought stress may depend on
the species, variety, duration and intensity of the stress. At the
transcript level, expression of the two significant genes,
Bradi3g41340.1 and Bradil g26870.1, was increased in T-9 and
B2C under drought stress, relative to their control (Fig. 6). The
results were consistent with the increased POD activities found
in these two accessions under drought stress (Fig. 1). The in-
creases in enzyme activity and gene expression indicated that
enhanced POD plays a role in drought tolerance of
Brachypodium, which could be associated with reducing oxida-
tive injury. In addition, some POD genes were up-regulated and
some were down-regulated in maize due to drought stress
(Wang et al., 2015). Higher activities of POD and gene expres-
sion were also found in plants exposed to other abiotic stresses
such as cold, salt stress, heavy metals and pathogen invasion
(Hiraga et al., 2000; Sharma and Dubey, 2004; Azevedo Neto
et al., 2006; Xu et al., 2008).

Drought stress could also affect POD isozymes in some
plants species. Dehydration and senescence caused disturbance
in the redox homeostasis of Ramonda leaves, while inducing
different POD anionic and cationic isoenzymes (Veljovic-
Jovanovic et al., 2006). In Arabidopsis, the intensity of two
POD isoenzymes increased in drought-stressed young and ma-
ture leaves, especially a strong induction in one isoenzyme in
mature leaves (Jung 2004). Some PODs were stress-responsive
isoenzymes in the roots of wheat (Triticum aestivum L.) (Selote
and Khanna-Chopra, 2010). In this study, T-9 and B2C showed
their own unique isoenzyme of POD under normal conditions.

Bradi1g26870.1

Koz-4
Kh-3
Kh-1
G-5

B9B
B3R
B2K
B2D
B2C
B2B
B18-1
B11C
B11A
B10C
A-2
A-10
A-14

B30-1
——B3J
{11

T-10

T-9
Bd3-1
B2-3
Bd21

|B7B

T-7
T-2
B8
B8C
B13M
B13A
B13E

0-1 Expected substitutions per site

FiG. 7. Neighbor—Joining trees representing gene haplotype relationships in Brachypodium distachyon.
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Although drought stress did not induce new bands of POD,
these specific POD isoenzymes can generally distinguish the
more drought-tolerant accessions from the others (Table 1;
Fig. 3). The results indicated that the POD isoenzyme could dif-
ferentiate Brachypodium accessions with contrasting drought
tolerance. Among those POD isoenzymes, two candidate genes
of Bradi3g41340.1 and Bradilg26870.1 encoding specific
PODs were significantly associated with drought tolerance
traits. Furthermore, the grouping of the drought-tolerant acces-
sions by sequences of Bradi3g41340.1 was generally consistent
with grouping revealed by population structure using genome-
wide SSR markers. The results illustrated relationships among
certain accessions by POD sequences, which could separate the
most drought-tolerant accessions from the other accessions.

The average SNP frequency in eight POD genes observed in
this study was one SNP every 135bp in whole sequencing
length. It was very similar to that of other antioxidant genes in
Brachypodium (Luo et al., 2012). However, the average SNP
frequency (1 SNP per 180bp) in Bradilg41900.1,
Bradi2g04490.1, Bradi3g41340.1 and Bradi3g63060.1 initially
found in the tolerant accession was only half compared with
Bradil g26870.1, Bradi4g32800.1, Bradi5g00690.1  and
Bradi5g65820.2 shown in the susceptible accession. Moreover,
the significantly associated genes of Bradi3g41340.1 and
Bradil g26870.1 had even lower SNP frequency, suggesting
that SNP frequency in POD genes varied widely in one species.
It indicated that SNP frequency may be influenced by selection,
mutation, mating system, effective population size and demog-
raphy (Nei, 1987). Mean nucleotide diversity (x = 0-0028, 0,,
= 0-0019) of POD genes was also similar to the values found
in other antioxidant genes in Brachypodium (Luo et al., 2012)
and in balsam poplar (Populus balsamifera) (Olson et al.,
2010). The range of m values in Brachypodium was similar to
the range of those of other genes tested in 34 ecotypes of arabi-
dopsis (Lin et al., 2008). The value of 6, denotes the number
of polymorphic segregating sites (Watterson, 1975). The differ-
ence between 7w and 0, found in Bradilg41900.1,
Bradi2g04490.1 and Bradilg26870.1 could reflect the degree
of non-equilibrium conditions in the genetic history of the pop-
ulation. Tajima’s D measures the standardized differences be-
tween 7 and 60; negative D values might indicate an excess of
low-frequency polymorphisms in Bradil g41900.1,
Bradi2g04490.1,  Bradi3g63060.1 and  Bradil g26870.1,
whereas positive values indicated an excess of intermediate
polymorphisms  in  Bradi3g41340.1,  Bradi4g32800.1,
Bradi5g00690.1 and Bradi5g65820.2. The ratio between 7.
syn and 7y, is a strong indicator of selection (Li, 1997), varying
greatly in these POD genes in Brachypodoum. A higher w5 yn
value in Bradi3g41340.1 suggested a lack of selection of pres-
sure during evolution in maintaining a high level of
polymorphisms.

In summary, POD activity increased in the leaf of
Brachypodium under drought stress, to a greater extent in the
tolerant accession T-9, along with lesser accumulation of MDA
and H,0O,. Variations of POD isoenzymes were found among
accessions with contrasting drought tolerance, while the most
tolerant and susceptible accessions had their unique POD isoen-
zyme band. Eight POD genes were identified and a total of 90
SNPs were found across 34 accessions. Nucleotide diversity of
POD genes ranged from 0-00 to 0-0077 with a mean of 0-0028,

and the average synonymous/non-synonymous 7m ratio was
0-81. After controlling population structure, significant associa-
tions of Bradi3g41340.1 and Bradil g26870.1 with R-LWC or
leaf wilting were identified. The results suggested a role for
specific POD genes in differentiating Brachypodium accessions
with contrasting drought tolerance, which could be associated
with general fitness of Brachypodium during evolution.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxfordjour
nals.org and consist of the following. Table S1: the proteins
identified by using MALDI-TOF/TOF MS in Tek-9 and
BdTR2C Brachypodium distachyon accessions. Table S2: the
proteins identified by LC-ESI-LTQ-Orbitrap XL in Tek-9 and
BdTR2C Brachypodium distachyon accessions
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